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Abstract
Real options analysis (ROA) is an advanced technique for valuing mineral projects that generates
more useful information for decision-makers in the mining industry than that generated using dis-
counted cash flow (DCF) method, yet the latter is much more commonly used in the industry. Why?
The answer to this question motivates the thesis.
The slow adoption of ROA in the mineral industry has been investigated by several researchers.
The outcomes of these previous studies have had minimal impact on the industry because these re-
searchers adopted an approach that focused solely on the quantitative shortcomings of ROA. Until
now, little empirical evidence existed on the qualitative reasons that impede the mainstream adoption
of ROA as a valuation technique in the mineral industry in spite of its well-established advantages.
This thesis advances a series of innovative solutions to address this gap. First, it develops a novel
system approach to ROA based on practical assumptions. Secondly, it applies this system approach
to a real mine case study to identify the value-added information generated by the ROA method
compared with the DCF method. Finally, based on the case study output, the study engages industry
experts to identify the qualitative reasons for the relatively low uptake of ROA in the mining industry.
In developing the novel system approach to applying ROA, the study focused on building a frame-
work that incorporates realistic modelling of project uncertainties, careful modelling of the value of
mineral assets and development of a user-friendly end-user tool that simplifies the process. The sys-
tem real options (SRO) tool was developed using Matlab to estimate the economic value of projects
using ROA. SRO reduces the complexity in ROA application and integrates the method with Monte
Carlo simulation and statistical distributions to enable mineral projects under uncertainty to be real-
istically valued and optimised.
To identify the additional information that ROA generates over the DCF method in mineral project
valuation, SRO was used to re-value a gold mining project, Adinkra Mine, initially valued using the
DCF method in 2004. The initial DCF method valued the project at $493 million; however, SRO
recorded a $528 million mean project value with a 62% probability of the project returning a higher
value than the DCF value. In addition, the value of the option to expand the mine’s capacity was
i
analysed using the SRO tool to guide the company in its strategic decision-making. Subsequently, the
company’s country expansion program was assessed using SRO to determine the value of each project
under different in-country scenarios. The results of the DCF and ROA were statistically compared
with the actual (real) project outputs from 2004 to 2015. The results indicated a higher correlation be-
tween the actual (real) project outputs recorded from 2004 to 2015 and the valuation results recorded
using the ROA method. In addition, using the ROA approach enabled useful information to be gen-
erated that showed significant potential for improving the way mining companies manage risks and
uncertainties as well as strategically placing their assets to optimise value.
Based on the additional information generated from the application of ROA, 14 industry experts
were purposively sampled and interviewed to identify the qualitative reasons for the slow adoption
of ROA in the mineral industry. The industry experts highlighted trust in the method, lack of edu-
cation, poor communication of results, absence of software packages and the industry’s inability to
adopt innovation as the main hindrances affecting the practical implementation of real options in the
mineral industry. The feedback from the experts was used to construct a change framework based on
the works of Everett Rogers in Diffusion of Innovations (2003) and Eliyahu Goldratt and Jeff Cox in
The Goal (2004). This framework addressed the challenges associated with the bottlenecks in the ap-
plication of ROA. It also discussed practical ways of making ROA compatible with and less complex
for mineral operations. The framework further identified partnerships, demand from stakeholders,
and link to operational capability among others as means of improving the adoption of ROA in the
mineral industry.
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Chapter 1
Introduction
The art and science of asking questions is the source of all knowledge.
Thomas Berger
1.1 Background to the research
In 1973, Black and Scholes (1973) developed a valuation formula for options to be derived to prevent
arbitration in the market; this would become known as the Black-Scholes model (a term coined in
Merton (1973) and Merton (1998)). Robert Merton and Myron Scholes would later be the recipients
of the Sveriges Riksbank Prize in Economic Sciences in Memory of Alfred Nobel 1997 for developing
“a new method to determine the value of derivatives” (The Nobel Foundation). In his lecture upon
receiving the award, Merton (1998) described the future as uncertain and in an uncertain environment,
having the flexibility to decide what to do after the uncertainty is resolved definitely has value. Real
options provide the means for assessing that value. A real option is the right and not the obligation
to take an action (eg. defer or abandon) at a predetermined cost, called the exercise price, for a
predetermined period of time, that is, the life of the option (Copeland and Antikarov, 2001). Prior to
the seminal work of Black and Scholes (1973), the general equilibrium solution to estimate the value
of the pay-off of an option was non-existent, although several attempts had been made by earlier
researchers (Fisher 1907; Abdel Sabour et al. 2008; Samuelson 1965; Chen 1970).
In recent times, several researchers have applied the concept of real options to improve the value
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of mineral projects; Myers and Read (2012) and Daniel et al. (2010) investigated how real options
can be applied to various taxation and fiscal regimes. Hitch et al. (2014) and Ndiaye and Armstrong
(2013) investigated how the “social licence to operate” affects community share holders using real
options as the theoretical framework for the studies. Evatt et al. (2011) used real options to determine
the success or otherwise of a mine’s life of mine plan. Davis and Samis (2006) and Tan et al. (2010)
used real options to determine the value of exploration decisions for mining companies. These studies
demonstrate the widespread application of real options in mining research. In spite of all the benefits
of real options analysis (ROA) identified in research, McDonald (2000) reported that “most firms do
not make explicit use of real options techniques in evaluating investment decisions although firms
that use them stand to outperform those who do not”. Contrary to Copeland and Antikarov (2001)
prediction that real options would dominate the capital budgeting process by the next decade (2011),
Baker and Dutta (2011) recorded in 2011 that only 36 out of the 214 respondent firms they sampled
from 847 Canadian companies listed on the Toronto Stock Exchange (TSX) used real options, repre-
senting 16.8%. A similar result was recorded by Block (2007) in the United States where, out of 279
respondents sampled from the Fortune 1000 companies, only 40 were using real options, representing
a paltry 14.3%. In Australia, Truong et al. (2008) carried out a similar study with 356 firms listed
on the Australian Securities Exchange (ASX), and they observed that out of the 87 respondents, 28
firms used real options in capital budgeting, an improvement over the other two countries. The higher
interest in ROA recorded in Australia is mainly attributed to two factors: first, the sample size only
considered firms with real assets; second, Australia’s stock market is dominated by natural resource
firms characterised by high uncertainties, thereby increasing their tendencies to utilise real options in
capital budgeting decision-making. In spite of the higher interest in real options recorded in Australia,
Truong et al. (2008) observed that none of the respondents regarded real options as very important,
with only 9% considering real options as moderately important, ultimately leaving real options as the
least important capital budgeting technique considered in the survey. Spence (2002) also observed
that only a small percentage of the respondents in the paper, “An overview of valuation practices and
the development of a Canadian code for the valuation of mineral properties”, admitted to using real
options and these were mostly early exploration projects. In spite of ROA’s superior advantages over
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traditional valuation techniques, the question asked by several industry practitioners when confronted
with real options is:
“Why has real options not been adopted wholesale by the mineral industry?”
Block (2007) observed in his survey that 31.7% of the respondents attributed their lack of interest
in real options to the sophistication in the models as well as the risky nature of the assumptions used.
Cotter et al. (2003) also identified implausible mathematical assumptions as the major hindrance in the
adoption of real options in capital budgeting decision-making. Auger and Guzmn (2010) opine that
real options is popular in academia but unsuccessful in terms of application in the mineral industry
with no mining company making investment decisions based on real options.
1.2 Specific research question, hypothesis, aim and objectives
The slow adoption of real options in the mineral industry has been investigated by several researchers
since its inception. The outcomes of these previous research have had minimal impact on the industry
because these researchers adopted an approach that focused solely on the quantitative shortcomings
of ROA. Block (2007) recorded that the topic of real options is not adequately covered in the area of
utilisation. In the literature review of this thesis, I note that 90% of research papers published on ROA
between 2010 and 2015 on mineral projects focused on “how to make real options simpler”, with little
emphasis on the challenges associated with the adoption process (Chapter 3 discusses this finding in
detail). This major gap in the qualitative aspect of identifying the bottlenecks in the application of
real options to the mineral industry presented a research opportunity for this thesis. First, this gap
highlighted the fact that earlier researchers have ignored a vital population in attempting to solve this
challenge, that is, the potential users of ROA. Secondly, the gap shows that there is little knowledge
on the reasons for the slow adoption of ROA in the mineral industry. Based on this background,
the thesis focused on identifying the reasons for the slow adoption of ROA from a quantitative and
qualitative approach. This background guided the formulation of the thesis research question.
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1.2.1 Research question
Why is ROA under-adopted in the mineral industry compared to the discounted cash flow (DCF)
technique?
1.2.2 Research hypothesis
Beyond complex computation and lack of transparency; there are other qualitative factors that hinder
the uptake of ROA as a valuation technique in the mineral industry.
1.2.3 Aim of thesis
The purpose of this thesis is to identify the major reasons for the under-adoption of ROA. According
to Copeland and Antikarov (2001), the question most managers asked when introduced to ROA was:
Why should our company use a new tool that no one else is using?
Only a few companies according to Copeland and Antikarov (2001) have been bold enough to
experiment with how real options can enhance their operations.
The thesis developed a novel valuation tool using Matlab based on ROA; this tool, System Real
Options (SRO) was then applied to a mine case study and the information generated from the study
was used as the basis for engaging mining practitioners to identify the major reasons why the real
options approach has faced a relatively slow adoption in the mineral industry compared to the DCF
method.
1.2.4 Research objectives
The main objectives achieved in this thesis are:
1. An extensive literature review on the shortcomings of the various mining valuation techniques
including ROA.
2. A novel valuation tool (SRO) for evaluating mineral projects under uncertainty.
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3. A qualitative process to identify the reasons for the relatively low take-up of ROA in the mining
industry.
4. A proposed framework to encourage the take-up of ROA in the mineral industry.
1.3 Justification for the research
The mining industry has been working towards a consistent approach to determine the effects of
project risk on value and operating policy, with a variety of valuation techniques. Project analysts
have attempted to build mine valuation models that successfully integrate market information about
risk with a detailed description of project structure (Blais et al., 2007). Valuation techniques from
the financial industry (Faiz, 2000) are being adopted so that a mine valuation model can successfully
integrate market information (Blais et al., 2007). In addition, considering the uncertainties faced by
mining companies, a project is most likely to be successful when options such as “decision to defer,
expand, shrink and abandon” are considered in a variety of ways at the different stages of planning
(Shafiee and Abbate, 2012).
ROA has proven to be more than just a better method to calculate an asset’s worth in all these
instances (Faiz, 2000). Auger and Guzmn (2010) suggest that investment valuation methodologies
such as ROA could be a contributing factor to mining companies not being fully rational in their
investment decision-making. ROA is a powerful approach to reconcile strategic and financial anal-
ysis (Enders et al., 2010). However, despite the wide consensus on the benefits of using the ROA
approach to valuing commodity contingency claims, its adoption has rather been slow because most
researchers who attempt to solve the problem of adoption limit their focus to the complex formulas
without considering the opinion of the potential end users. It is a fact that the mathematical theory
of real options continually demands research attention to develop realistic models to work with. This
fact is highlighted by Guj (2011), who concedes that practical acceptance in the mining industry for
ROA has, until recently, been slow because of its perceived computational complexity. Also, leading
researchers have criticised the level of mathematics involved in developing a real options model for
the valuation of a small mine, saying that it is arguably a more sophisticated process than the standard
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net present value (NPV) mathematics (Davis, 1996, 1998; Haque et al., 2014).
In spite of the research attention the mathematics of ROA has received over the last decades,
Haque et al. (2014) report that, “although the concept of real options valuation arose a few decades
ago, most of the models that have been developed to-date are generally theoretical and restricted to the
areas of research and academia and, as such, the application of real options valuation methods remains
poorly understood and often not used in real mining project valuations”. Zambujal-Oliveira (2013)
also argued that although the merits of ROA are well-known to researchers, it still needed to bypass
some realistic shortfalls such as the complexities associated with its application, for practitioners to
adopt it in the industry. Herder et al. (2011) also asked, “Why is it that, while ROA shows great
potential and superior valuation in academic literature, it is not widely implemented in the practice
of infrastructure projects valuation?” The concerns raised by these distinguished researchers justified
the choice of this research. The literature review and subsequent mine visits revealed that the existing
knowledge on the low up-take of ROA solely focused on making ROA models easier. In other words,
researchers only focused on making complex models simple and unrealistic assumptions realistic but
they failed to identify whether these were indeed industry’s major setbacks in terms of applying ROA.
A further probe of the literature revealed that the lack of engagement with the potential end-users of
ROA affected the adoption process and perhaps it could be the chief reason for the industry’s apathy
towards ROA’s implementation.
This thought process resulted in the nexus of this research, which sought to identify the reasons
for the under-adoption of ROA in the mining industry. The thesis first designed a novel integrated
tool (SRO) to evaluate a mineral project under uncertainty; this tool was then applied to a mine case
to estimate its value. The information generated from the case study was then used as the basis for
engaging industry in order to identify the reasons why ROA has had a very slow take-up over the
years in the mineral industry, compared with the DCF technique.
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1.4 Outline of methodology
The thesis adopted the mixed approach of quantitative and qualitative data collection as well as analy-
sis. This choice of research paradigm as referred by Mertens (2014) is characterised by determination,
empirical observation, measurement and theory validation. This thesis identifies the reasons for the
slow take-up of ROA in the mineral industry from an empirical perspective. I first considered a quan-
titative approach to solving the problem by first conducting a case study with a mining company to
implement ROA in its valuation process. Through this activity, I was able to generate, first-hand, the
added information implementing ROA generates. Using the added information, I then undertook a
qualitative study where I engage industry experts to identify the reasons why ROA has witnessed a
slow implementation in spite of the added value it offers to mine managers. The data gathered form
both case studies are then analysed using the mixed method to develop an innovative framework to
encourage the adoption of ROA.
The research question was answered through a positivist world view; positivism research views
reality through a one-way mirror where the researcher is removed from the object or phenomenon
under study (Healy and Perry, 2000). Earlier research addressed the challenge of slow take-up of
ROA in the mineral industry from a quantitative perspective, ignoring the potential end-users. This
thesis bridges that gap using the mixed method to interrogate the problem and also create an integrated
solution that offers empirical evidence on why ROA has had a successful tenure in academia but
little interest among practitioners. The research follows a critical realist approach in the collection
and analysing of data. Easton (2010) defines a critical realist case study as one where the research
question attempts to solve a research problem, in terms of existing events, and asks what causes them
to happen; similarly, the first quantitative study defines the boundaries of the research by presenting
an existing event and using the qualitative studies to ask further question on the existing event. In
addressing research through a realist approach, the methodology must not be seen as an avenue to
make a choice among varying methods of data production and analysis, such as research or survey
(Sayer, 2010). The methodology for this research was chosen based on substantial evidence that it
was the most appropriate among other research methods and will offer the most appropriate research
design, especially in this case where the researchers impartiality is paramount.
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1.5 Framework of the thesis
The thesis is sub-divided into eight chapters, which can be grouped into four main parts: Introduction,
Methodology, Application and Conclusion. The first three chapters introduce the thesis, discuss the
background of the mining sector and also review existing literature on the subject of mineral project
valuations. The fourth chapter details the methodology used in formulating the research framework.
This section is divided into two parts. First, the integrated tool developed for this thesis to evaluate
mineral projects under uncertainty is described in detail. This includes the framework and algorithms
used in generating the valuation tool. Secondly, the methodology used in engaging industry for the
interview process is also discussed thoroughly. The choice of the sample size, the decision to use
interviews instead of surveys for data collection and the expected demographics of the participants
are discussed in detail in this section. The next two chapters apply the concepts discussed in the
methodology under two separate case studies. First, the valuation tool generated is applied to a gold
mining project to estimate its value and compare the output to that of the DCF approach for the same
project. In the next chapter, the information generated is then used as the basis for conducting inter-
views with potential end users of the valuation tool to identify the reasons why ROA has witnessed a
slow take-up in the mineral industry. The last two chapters provide the discussions and conclusions.
In the discussion, a proposed framework is developed based on the findings from the case study and
the interviews. The framework answers the main thesis question of why ROA has witnessed a slow
take-up in the industry. This framework focuses on addressing the quantitative as well as the quali-
tative aspects of the question. The final chapter concludes the thesis. It highlights the limitations of,
recommendations from and reflections on the thesis.
1.6 Structure of the thesis
The thesis is divided into eight chapters, with the first chapter introducing the scope, aims and back-
ground of the research as seen in Figure 1.1.
In Chapter 2, I provide a description of the mineral industry. I discuss in detail the various valuation
techniques used in the industry and their merits and demerits. The chapter further outlines the nature
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Figure 1.1: The thesis framework and structure.
of the mineral industry and how it differs from other sectors hence the need for valuation techniques
that accommodates this uniqueness.
In Chapter 3, I review the concept of ROA in the minerals industry. I further discuss in detail the
concept of real options from its initial application by Brennan and Schwartz (1985) to the most recent
method of Longstaff and Schwartz (2001). In addition, I review the estimation of the volatility of
projects, which is a key variable in the application of ROA in the mineral industry.
In Chapter 4, I look into the mathematical formulation of ROA and its application to the mineral
industry over the years, from the fundamental cases where tailored models were developed for the
industry to the more sophisticated works of complex applications. I discuss the main applications of
ROA in the mineral industry and also develop the general model. I propose the concept of SRO where
the theoretical models are incorporated into Matlab to develop a computationally simple valuation
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tool. This tool focuses on market and technical uncertainties and how they affect mineral project
appraisals. In addition, the methodology used to engage industry for the interview process is also
thoroughly discussed: the choice of sample, the decision to pursue interviews instead of surveys and
the demographics of the participants are discussed in detail in this section.
In Chapter 5, I apply the valuation tool developed in Chapter 5 to a project valuation case study. I
re-evaluate a gold mining project using the tool and compare the results generated with that generated
from using the DCF approach to identify the valued added, if any, using ROA. I highlighted (1) the
determination of the benefit, ROA offers relative to DCF in valuing mineral projects and (2) the deter-
mination of the costs of each method of valuation. This gives the basis for the interview protocol and
interview standard in the proceeding chapter. The novelty of this chapter is the integrated approach
to improving the value of mineral projects using the valuation tool that is developed.
In Chapter 6, I focus on understanding why the mineral industry has been relatively slow to adopt the
concept of real options. This is achieved first by discussing the results of the case study and second by
engaging industry leaders in the mineral sector, particularly mine managers and investors, to identify
(1) the empirical reasons why they have been slow to adopt the approach and (2) their ideal approach
to managing uncertainties in their project appraisal decision-making.
In Chapter 7, I attempt to answer the question of why ROA has been slow to be adopted based on
the findings from the previous chapters particularly Chapters 5 and 6. I achieve this by developing an
innovation framework to generate insights into how ROA should be applied to the mineral industry to
enhance its take-up by the industry.
In Chapter 8, I present the summary and outlook of the research. I outline the conclusions, recom-
mendations, reflections, limitations and future research opportunities identified in the course of the
thesis.
1.7 Novelty of the thesis
The thesis contributes five main novelties to industry and research:
• The thesis enriches existing literature on the subject of ROA implementation in the mineral
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industry.
• As part of its methodology, it develops a valuation tool, SRO, based on the real options theory,
Monte Carlo simulations and distribution analysis to value mineral projects under uncertainty.
• SRO is applied to a gold-mining case study to identify the unique and additional information
ROA can generate for strategic planning and risk management in the mining industry.
• Based on the unique and additional information generated, leading industry experts are inter-
viewed to identify the reasons why ROA has witnessed a slow take-up in the mineral industry
compared to the DCF method.
• Finally, a six-step innovation framework is developed to encourage the adoption of ROA in the
mineral industry.
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Chapter 2
The mineral industry
Gold gets dug out of the ground in Africa, or some place. Then we melt it down, dig another hole,
bury it again and pay people to stand around guarding it. It has no utility. Anyone watching from
Mars would be scratching their head.
Warren Buffet
2.1 Introduction
This Chapter:
• describes the operations in the mineral industry.
• discusses the three main types of valuation techniques in the mineral industry that is, the market
based approach, the cost based approach and the income based approach.
• highlights the uniqueness of the mineral industry in the areas of time value of money, taxation,
risk and uncertainties.
2.2 An overview of the mineral industry
Mining is defined as the process of extracting, processing and selling an ore of economic importance
for profit. The cycle begins with an exploration process where the ore of economic importance is first
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discovered. Through further exploration, the viability of the orebody is determined under market, ge-
ographical and technical constraints. Under market constraints, the price of the ore in question is the
most important factor. In some instances, market factors such as inflation and foreign exchange could
also be considered. A favourable price will most likely lead to a more viable project. Under geograph-
ical constraints, the political atmosphere of the host country is one of the factors considered. In recent
times, the social licence to operate in a community has become a prominent area in the determination
of the viability of a project. For technical constraints, the mining method that guarantees the most
effective extraction process is considered: it could be surface mining or underground mining. The
methods for processing the ore and disposing the waste are also of interest. These factors collectively
ensure the project’s benefits to the stakeholders are maximised. The stakeholders in most instances
include the investors, the community and the host government. Figure 2.1 illustrates a simple flow
chart for a gold and copper mining process.
After exploration, the next phase is development. Development is the process of exposing the
orebody to enable its extraction. This is also the stage where all auxiliary and primary infrastructure is
built, including the processing plants, office buildings, shafts, ramps, drives and ventilation facilities.
This is a capital-intensive process and could last between two and five years depending on regulatory
approvals, the size of the mine and the capital available. Surface mines have shorter development
periods than underground projects.
With development completed, production commences. Production is the extraction of the ore of
interest for processing and the disposal of the waste generated. Several mining methods are used
in this process. For an underground project these include the cut-and-fill method, block caving and
sub-level caving. A surface project could have either the open pit or open cast method, depending
on the ore type. The choice of method depends on many factors such as the nature of the orebody
(vein or porphyry) and the commodity being mined. The production phase is made up of four main
processes: drilling, blasting, loading and hauling. The mining area is first drilled, then loaded with
explosives and charged to liberate the rocks in a fragmented form. The ore of interest is hauled to a
processing facility and the waste is disposed of. In some instances, depending on the nature of the
materials, economic conditions and grade, some ore is stockpiled for processing at a later date.
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Figure 2.1: A typical copper and gold mine flow chart. Source: http://hz01.i.aliimg.com
Mineral processing is the act of liberating the mineral of interest from its surrounding gangue.
The processing type mainly depends on the mineral type. For bulk metals, less processing is done on
site whereas for precious metals, much of the processing is conducted on site. Figure 2.2 shows the
process flow diagram for a copper processing circuit.
After the final commodity has been produced, it is then marketed and sold to clients. For example:
gold is often sold to jewellery makers for ornaments or to central banks as a store of value; coal is
often sold to power producers for energy; and iron is sold to industrialists for steel.
When mining has been completed, the process of restoration and reclamation begins. This is the
process of restoring the land to its primary nature or reclaiming it from destruction from the mining
activities to support natural growth. Regulations around this area has become stricter in recent years
as a result of environmental concerns. Most governments around the world now enforce a post-mining
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Figure 2.2: A process flow diagram for copper. Source:
http://crazyhorseresources.com/i/misc/Process-Flow-Sheet.jpg
fund where money is accumulated to support reclamation and restoration post-mining.
2.3 Mineral project appraisal
Minerals project appraisal is vital in making investment decisions in the mineral sector. It is the pro-
cess where the potential success or failure of a project is empirically determined. From the crude
approach of subtracting potential cost from expected revenue (Schwartz and Cortazar, 1998) to the
now sophisticated economic models, minerals project valuation has proven its worth in being able to
provide effective insight into project dynamics prior to commencement or abolition. In the minerals
industry, every process is associated with an element of risk, hence its reference as a high-risk venture
(Dube, 2012), calling for unique mining project valuation techniques. The three peculiar characteris-
tics of mining project that make their valuation unique are (Topal, 2008; Dehghani and Ataee-pour,
2013):
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• Extremely capitally intensive. The capital required to open a new mine typically depends on
factors such as the type and size of deposit, geographical location of the mine, extraction method
and size. On average, capital required could range from $20 million for a small deposit to $20
billion for a larger deposit. This can be compared to other sectors such as agriculture, where
capital ranges from $1 million to $20 million for very large scale projects. This places mineral
projects far in the lead, hence the need for carefully constructed valuation techniques when
making investment decisions.
• Several years of preproduction. After a deposit has been discovered in commercial quantities,
it often takes between two and five years to prepare the mine for full-scale production, barring
legal, environmental and social disruptions. In most cases where there are external constraints,
such as finance and government bureaucracies, a project preproduction risks being extended to
10-15 years. This longer period, in most cases, renders most of the economic and technical pa-
rameters used in feasibility studies and valuations ineffective when mining finally commences.
• Very long project life. The average mine life can range between five and hundred years. De-
veloping precise cash flows for feasibility studies becomes almost impossible considering the
duration of the project life. This time lag makes mining a very risky venture. Uncertain-
ties associated with the geology, engineering, politics, social licence to operate, environmental
management and economics become hard to predict and manage.
Historically, project valuation methodologies have been developed around three thematic areas.
According to Stermole and Stermole (1996), these are:
• Economic analysis. This responds to the valuation of a project from the economic viewpoint,
which entails the cost modelling, revenue generation and cash flow.
• Financial analysis. This addresses the financial requirements of a project, mainly the investment
required for a project and the decision-making surrounding it. In most cases, it addresses the
weighted average cost of capital, the discount rate and the capital asset pricing model required
for a thorough project valuation.
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• Intangible analysis. This covers a broad range of factors that are required to make a valuation
model functional but cannot be quantified in economic terms. These range from social aspects,
such as community sentiments, environment aspects, such as the company’s track record, un-
certain regulatory and legal frameworks as well as the company’s approach to corporate social
responsibilities.
Guj (2013) suggests that to assess the value of a mineral project, one must develop a techno-
financial model, which comprises these three components: technical, financial and risk analysis. He
describes the technical section as dealing with physical issues such as the selection of the appropriate
extraction method; the financial section as converting the physical aspects into financial metrics,
maximising the value to shareholders; and the risk analysis as identifying and assessing potential
risks, such as market, sovereign and project risks.
In addition to these, an analyst must assess the viability of a project under three decision lenses
(Guj, 2013) during the appraisal process. These are:
1. The investment decision: estimating the value of the project. This thesis focuses on this stage
of appraisal.
2. The financing decision, discussing the mix of equity or debt to attain optimal value to investors.
It also assesses the tax considerations of the project.
3. The portfolio decision, focusing on how the project fits in the overall portfolio of the company.
It answers questions such as: Does the project skew the risk appetite/profile of the firm? or Is
the project in line with the firm’s strategic goals?
Overall, the mineral project appraisal process is an interdisciplinary exercise that demands a work-
ing collaboration between technical, economic, financial, social and administrative expertise. A fair
balance of these areas often produces a positive project appraisal that returns significant value to
shareholders.
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2.4 Mineral project appraisal techniques
According to Spence (2002), “value is in the eye of the beholder”. To identify the value for mineral
projects Spence (2002) classified valuation techniques for mineral projects appraisals under three
main approaches:
• market-based approach
• income-based approach
• cost-based approach.
2.4.1 Market Based Approach
According to Guj (2013), the market-based approach is mostly used during the exploration stage of a
project. With the market-based approach, the value of a project is determined by comparing its value
with that of projects with similar characteristics. The most popular methods found with this approach
are joint venture method, the rule of thumb method and the comparable market value Method. The
comparable market value method is the method most often used for project appraisals. With the
comparable market value method, the value of an asset is determined by referencing the actual price
or market capitalisation to that of companies with comparable assets (Grant, 1994). Although the
method is popular within the real-estate sector, Grant (1994) suggests that the mining and exploration
sectors can also adopt it where there have been actual sales of comparable or similar assets in the
recent past.
Lawrence (2002) notes that the application of the market based approach is predominant in the US
where mineral rights ownership is often private contrary to countries with a British Commonwealth
background such as Australia, Canada and Ghana where the state or Crown has custody over minerals
and miners have to obtain formal leases and permits to mine. To ensure a fair market value for an
asset, the Uniform Standards of Professional Appraisals Practice (USPAP) recommend that:
• Both parties (buyer and seller) are motivated.
• Both parties act in their best interest and are well informed and well advised.
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• Reasonable time is allowed for exposure in the open market.
• Payment is made in terms of cash in United States dollars or in terms of financial arrangements
comparable thereto.
• The price represents the normal consideration for the property sold unaffected by special or
creative financing or sales concessions granted by anyone associated with the sale.
The strict application of these rules favours the real-estate sector but is impractical for mineral
project appraisals. The following limitations modified after (Grant, 1994) provide the challenges of
applying the market value approach in mineral project appraisals.
1. The number of available sales with similar characteristics is highly limited. The geology is
likely to differ; mineral classification as well as other unique factors exclusive to different assets
is likely to suffice in drawing comparisons.
2. The inconsistency in comparing mineral assets is further highlighted by the difference in project
grades, location, in-country infrastructure, social licence to operate, recoveries and cost of op-
eration.
3. Mining companies are price takers and have no control over market factors such as commodity
prices, foreign exchange and interest rates. With annual volatility of commodity prices ranging
from 10% to 25% for some minerals, transaction data become obsolete within a relatively short
period of time.
4. Location of the asset plays a key role. The price of an asset is likely to be affected by whether
it is discovered near an existing project or within a greenfield with no mining history around.
5. In most cases, the information available on mining transactions within the public domain is
often limited, impacting the ability to draw accurate parallels. With the exception of the an-
nounced price and a few other details contained in technical reports and annual statements, the
terms of negotiations and other details are often unavailable to the public.
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The key theme underlying the market-based approach to appraising projects is the simplicity of
its application, but this often relies on the judgement of the competent persons involved. Very little
emphasis is given to the future potential of a project. Although this is convenient in the real-estate
sector, this approach inhibits the value of future options and the technical characteristics of projects. It
encourages subjectivity in the investment decision-making process, limiting objectivity, which relies
on the empirical potential of projects. Also, the impacts of market uncertainty and project risks are
hardly incorporated in this process making the investor financially exposed to them in the future.
2.4.2 Cost-based approach
According to the VALMIN Code, this approach is based on the notion of cost contribution to Value
in other words, the costs incurred on the mineral asset are the basis of the analysis (VALMIN, 2015).
According to Guj (2013), the two main cost based methods applied to mineral projects (particularly
exploration stage projects) are:
• Appraised value. This method is often applied in Canada. The primary author of this method
was William Roscoe, a Canadian (Ellis, 2011). The appraisal value method is based on the
background that the real value of an exploration property or marginal development property lies
in its potential for the existence and discovery of an economic mineral deposit (Roscoe, 2002).
The main assumption underlying this method is that the amount of exploration expenditure is
proportional to its value.
• Multiple of exploration expenditure. This method is popular in Australia. The primary origina-
tors were Michael Lawrence and Peter Onley of Australia (Ellis, 2011). It involves allocating
a premium or discount to the relevant and effective expenditure base (represented by the past
and future expenditure) through the use of the prospectivity enhancement multiplier (PEM), a
factor directly related to the success or otherwise of the exploration completed to date and to an
assessment of the future prospects of the tenements (Lawrence, 1994).
Ellis (2011) reported that from his experience, mineral appraisals in the United States of America
rarely used the cost-based approach to appraise anything other than surface improvements and equip-
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ment. He further suggested that the method was meant for estimating the value of buildings, plant
and equipment.
In the United States of America, Ellis (2000) documents the courts negative sentiments towards the
cost-based approach in project appraisals according to the Uniform Appraisal Standards for Federal
Land Acquisitions 1992 report, page 17.
“The cost approach is generally recognised as the least reliable method of valuation. The Courts
have made clear that this approach should never be used when no one would think of reproducing the
property, or when no prudent investor would reproduce it for the figure or amount given as replace-
ment or reproduction cost”. (Ellis, 2011)
Although, the cost-based approach seems to be the least favoured by the courts, Ellis (2011)
suggests that the approach can offer useful insights in the allocation of the contributory value of
various elements of an asset in partial appraisal analysis.
2.4.3 Income-based approach
According Spence (2000), the income-based approach generates cash flows to estimate the value of
the project for subsequent appraisal. (Guj, 2013) describes the income-based approach as the technical
or fundamental valuations because they serve as the basis on which the market premium is added in
the appraisal process to attain the fair market value. Lilford and Minnitt (2005) highlight the main
income-based methods in mineral project appraisals as:
• DCF
• Option pricing
DCF
The DCF method of calculating project net present value is the most widely accepted valuation
method in the mining industry (Blais et al., 2007; Block, 2007). One predominant problem in ap-
plying the DCF method is the determination of an asset discount rate (Samis et al., 2005; Blais et al.,
2007; Schwartz and Cortazar, 1998; Dube, 2012). In setting the discount rate, the three main com-
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ponents considered by practitioners are: risk-free interest rate (government bond rate), market risk
premium and country risk (in some cases) (Elkington and Gould, 2012). These three factors consid-
ered for the discount rate cannot account for the multiple uncertainties faced in the mineral industry,
since risk is not constant over time (Trigeorgis, 1988; Fernandes et al., 2011). It therefore becomes
evident that the strategic planning processes which adopt the DCF methods assume a single-scenario
operating plan that suggests conditions will be developed as expected (Elkington and Gould, 2012).
The NPV approach to asset valuation does not discriminate between levels of internal and external
risk in project valuation (Botin et al., 2012); rather it aggregates cash flow and risk. The notion that
it is acceptable for a high cost asset to be subjected to larger risk adjustments than a low-cost as-
set, hence a larger discount rate for a larger minerals project, makes its application shaky in practice
(Samis et al., 2005). The widely accepted rule of thumb where net cash flow uncertainty varies across
time and project in a constant manner (Blais et al., 2007) also leaves much to be desired in the face of
high volatility and risk associated with modern minerals projects. In reality, when variables and exter-
nal conditions change in an ongoing operation, managers tend to react accordingly, leaving obsolete
net present value estimates (Botin et al., 2012).
When faced with multi stage investment decisions, a firm should value real investment, taking into
account not only its strategic value, but also its alternative value (Kulatilaka and Perotti, 1998), which
the DCF approach fails to acknowledge. In other words, the DCF approach neglects the strategic
options that can be executed in response to new information (Elkington and Gould, 2012). This
becomes salient because it gives the company room for growth in the future, right from the beginning
of planning. Denying these options at the planning and valuation stage causes the company to expand,
contract, change cut-off grade, stockpile, shut down, abandon and delay projects when changing
environments demand these options to remain profitable.
Although the DCF methods are broadly used for project valuations, several studies have found that
managers often do not necessarily follow the forecasts reflected in the method. Several researchers
have highlighted that the DCF method and its variants do not properly explore the explicit value of an
investment under uncertainty because they typically fail to take into account managerial flexibilities
and financial options associated with reducing risks and optimising profits and investment returns
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(Haque et al., 2014). However, to improve the DCF method, Block (2007) suggests that managers
consider: setting multiple discount rates for different projects or different risk factors; the weighted
average cost of capital as a form of obtaining a proper discount rate rather than a single source of
financial models; and, finally, using real options. This suggestion however, only aggregates the flaws
identified earlier and sums them at the final stage.
Option pricing
The option pricing method was first developed by Black and Scholes (1973) and Merton (1973) to
estimate the pay-off of an option in the finance industry. This theory was extended to real assets
(Myers, 1977) and subsequently to mineral projects by Brennan and Schwartz (1985). This gave
birth to the concept of real options to evaluate mineral projects. The variety in the application of real
options methods has given rise to a degree of controversy about which real options valuation methods
are the most reliable, accurate and provide easier-to-interpret results (Guj and Chandra, 2012; Topal,
2008). In spite of the existing controversies Spence (2002) opine that there are situations in mineral
project valuation where there are so many unknowns that an option pricing methodology is the best
mechanism to assess value.
The option to change operating scale (to expand, contract, shut down or restart) provides decision-
makers with the potential to expand scale of production or accelerate resource utilisation if markets
are promising (Fernandes et al., 2011). Blais and Poulin (2004) outlined the four major types of
real options and their founders, as shown in Table 2.1. For example, Borison (2005) suggests that
decision trees, particularly those making use of dynamic programming capability, should be used for
greater accuracy and more intuitive interpretation of optimal decision paths. He further contends that
different approaches in using ROA may generate different and, in some cases, wrong results.
With respect to integrating other sources of uncertainty and risk with the valuation of minerals
projects, real options have proven to be a reliable tool to determine market uncertainty (Abdel Sabour
and Dimitrakopoulos, 2011) although much more seems to be desired in this area.
Shafiee and Abbate (2012) also opine that ROA is the only method that guarantees a solution
to industry’s current problem of uncertainty, as seen in Table 2.2, based on the historical trend of
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Table 2.1: Real options methods and founders. The table outlines all four main real options methods
and acknowledges their authors and year of discovery. Source:Borison (2005).
Real options method Founder
Analytical solutions for European-type claims Black and Scholes (1973)
Lattice methods Cox, Ross, and Rubinstein (1979)
Finite difference method Brennan and Schwartz (1985)
Stochastic Monte Carlo Simulations Boyle (1977)
Table 2.2: Historical trend in project valuation and uncertainty. The table shows how, historically,
various valuation techniques have treated uncertainty, with the latest being real options. Source:
Shafiee and Abbate (2012)
Method Uncertainty Time
Multiples No Uncertainty 1960’s
Discounted cash flow Ignores Uncertainty 1970’s
Monte carlo simulation Assess Uncertainty 1980’s
Decision tree Manage Uncertainty 1990’s
Real option Exploit Uncertainty 2000’s
other methods. Its failure to look beyond its single-variable approach to uncertainty has caused many
credibility issues in its implementation (Blais et al., 2007).
One distinct feature of the real options approach has been its ability to adjust for risk within cash
flow components, whereas the DCF method discounts for risk at the aggregate net cash flow (Samis
et al. 2005; Blais et al. 2007; Schwartz and Cortazar 1998). In other words, adjusting the cash flow
for risk is through probabilities rather than discounting at a blanket risk premium (Faiz, 2000). At
this point in the industry it must be noted that risk in the mining industry cannot be eliminated but can
only be minimised (Groeneveld and Topal, 2011).
Although the Monte Carlo simulation approach to real options modelling has weakness in elim-
inating subjective judgement in selecting projects with the highest value, some authors (Blais et al.,
2007; Longstaff and Schwartz, 2001) still consider the stochastic Monte Carlo simulation numerical
technique of real options as the most favourable approach. Their choice is centred on its ability to
calculate option values in a multidimensional economic environment without constraint (Blais et al.,
2007). Also, its efficient use of market price information in the commodity market (Faiz, 2000),
which seems to be neglected by traditional valuation methods, gives it a superior modelling edge,
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since there is no requirement to make estimates for commodities with high uncertainty, given their
volatility (Cortazar and Casassus, 1998).
One important success of ROA is its ability to include the value of decisions associated with
uncertainties into its initial model. This increases its reliability and helps managers to foresee future
events so that change finds them prepared and ready to act accordingly when certain red-light figures
are triggered (Botin et al., 2012).
2.5 Time value of money in the mineral industry
In project appraisal the value of a project depends on the expected cash flows, period of investment
and risk associated with the investment decision. It is often said that a dollar today is worth much
more than a dollar tomorrow. This is made evident where an investor hands over $1 million to a
mineral project. The investor will prefer to get their dollar back in a year’s time rather than 10 years
later. This preference is based on two main reasons: opportunity cost and depreciation. According to
Crundwell (2008), the value of money depreciates over time due to the following: inflation, risk and
preference for liquidity. With inflation, it is generally assumed that money paid in future will have
lower a value over time. With risk, the investor is faced with uncertainty of an occurrence contrary to
the planned outcome. Liquidity, on the other hand, is the flexible ability of the investor to convert his
investment easily to money; with an investment in a mining firm that option will not be an easy one.
Other minor reasons that result in the value of money depreciating with time are transaction cost and
the postponement of pleasure. Based on this background, it becomes evident that time has an impact
on the value of money; hence, money offered today is expected to yield interest to compensate the
time value of money (Vishwanath, 2007).
2.5.1 Interest and interest rates
Interest is defined as the fee charged for the use of borrowed money, in other words, the rental charge
of using borrowed assets over a specific period of time. The interest in most cases is expressed as
an annual percentage of the principal amount (McInerney and Zastawniak, 2015). Therefore, for a
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$1 million loan at an interest rate of 10%, the lender expects interest of $100,000 at the end of the
lease period. The time of lease is very important since the interest rate is stated as a product of the
time, which is per annum in most cases. Primarily there are two types of interest: simple interest, and
compound interest.
2.5.2 Inflation and escalation
Inflation refers to the average annual percentage increase in the prices of all goods and services that
make up a Customer Price Index type basket of goods, services and commodities that is not offset
by increased productivity (Smithin, 2012). This is simply defined as the loss of purchasing power of
money. Escalation is the increase in the prices of goods, service and commodities.
Inflation plays a key role in mineral project valuation as a result of the time value of money. In
estimating interest rates, the nominal rate considered earlier makes amends for inflation, whereas the
real rate does not include inflation in its estimation. This is made evident in generating cash flows
for subsequent analysis. Inflation can have an impact on the determination of the NPV. Failure to
adequately account for inflation in estimating NPV erodes the value of the investment made over
time. The longer the investment period, the more value lost on the project. To rectify this the constant
purchasing power is used in cost and revenue estimates during valuations or the constant purchasing
power of the dollar values is used for all cost and revenue estimates for the cash flow.
2.6 Capital allowance and taxation
One key factor that determines the value of a project over time is the tax and fiscal policy present in
the host country. “A tax is defined as any non-penal yet compulsory transfer of resources from the
private to the public sector levied on the basis of predetermined criteria without reference to specific
benefits received so as to accomplish government’s economic and social objectives” (Sommerfeld
et al., 1980). These four characteristics define a tax:
• It is raised to provide revenue for public expenditure.
• It is enacted by a power having taxing authority on power.
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• It is enforced contributions in monetary forms.
2.6.1 Types of taxes
The mineral industry like most sectors, is subjected to specific industry taxes that are unique in nature.
Primarily, the following taxes are applicable to mining companies across the world:
• corporate tax
• income tax
• severance tax
• property tax
• excise tax
• import and export tax
2.6.2 Types of capital allowance
The tax paid to government over the period of a mineral project depends on the allowable capital
allowance or depreciation. Capital allowance has a significant impact on cash flow and estimation
of the NPV of a project. Every country has a different way of applying depreciation to projects. In
practice, depreciation is a deduction allowed in computing taxable income to account for exhaustion,
wear and tear and obsolescence of property and equipment used in production. There are three basic
methods for calculating depreciation.
• Straight line depreciation
• Declining balance method
• Sum of years digit method
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2.7 Financial analysis
The unique nature of the mineral industry such as the long pre-production period and inherent risk
make financing the industry a complex process. The previous sections in this chapter have discussed
the investment decision making in the industry. This section looks in detail at the funding decision
making for mineral projects particularly equity and debt. Equity is the money raised from the owners
and shareholders of the project. Debt on the other hand is the debt capital raised from banks, investors
or through other financial instruments.
Table 2.3: Capital raising by asset class - proceeds $ billion (2009-2013). Source: EY 2015 mergers,
acquisition and capital raising annual report
Capital Source 2009 2010 2011 2012 2013
Equity IPO’s 2,987 17,948 17,449 1,388 815
Follow ons 73,806 49,705 49,745 25,950 26,233
Hybrid Convertibles 14,431 5,477 2,365 3,537 7,738
Debt Bonds 61,016 72,502 83,804 112,539 87,890
Loans 62,420 183,875 187,059 105,981 148,881
Total 214,660 329,507 340,422 249,394 271,557
From Table 2.3, debt is the main source of capital funding for mineral projects. For the mineral
industry, well-structured projects in the production phase often rely on credit facilities provided by
the finance industry, whereas exploration and early production projects often rely on capital raising
through equities. In 2015, EY, a big four firm, projected that selling of assets, raising private capital,
deferred consideration, spin-off’s and joint ventures will be the major issues witnessed in the minerals
industry for 2016. This was recorded in their mergers, acquisitions and capital raising annual report .
Equity
According to Guj and Trench (2013), equity is the predominant source of capital in the mineral
industry. The conservative nature of the mineral industry has resulted in the reliance on equity as
the main source of funding for projects. The two main types of equity are private equity and public
equity.
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Whereas equity placed publicly insulates companies from active management from shareholders,
private equity offers fewer restrictions from such interference. Private equity offers management the
flexibility to focus on managing their projects rather than the various layers of compliance present on
the stock markets. The pressures from the stock markets, investor relations and regulatory compliance
are also avoided when equity is placed privately. Management is also able to share in the expertise of
their investors through partnerships, which often makes highly skilled labour readily available.
Public equity, on the other hand, allows companies to raise capital by listing on a stock market
in exchange for equity. Major stock markets in the world include the Australian Securities Exchange
(ASX), Toronto Stock Exchange (TSX), TSX Venture Exchange (TSXV), Johannesburg Stock Ex-
change (JSE) and the New York Stock Exchange (NYSE). The ASX and TSX are dominated by
mining and allied companies and the NYSE is the largest exchange in the world based on market
capitalisation.
Table 2.4: Stock exchanges mining activities in 2014. Source: Ontario Securities Commission
(https://www.osc.gov.on.ca/)
TSX and TSXV ASX JSE NYSE/NYSE Mkt
Number of Mining Issuers Listed 1,492 673 45 109
Quoted Market Value (C$ Billions) 229.9 296.0 278.4 672.9
New Mining Listing 43 10 2 2
Equity Capital Raised* (C$ Billions) 8.1 4.0 0.2 0.385
Number of Financing* 1,281 1,513 3 3
*By November 30, 2014
Public equity often requires several disclosures (prospectus, profile statement) and compliance
with codes such as Australia’s Joint Ore Reserves Committee (JORC Code) and Canada’s National
Instrument 43 101. These disclosures and compliance often serve as an advantage for companies that
subsequently require capital for other projects, because the stock exchange serves as a regulator, hence
providing investor confidence in their activities. Although initial public offer’s (IPO) raised in the
mining sector are generally low, as seen in 2.3, follow-ons are able to generate significant capital for
mineral projects. The downside of public listing is the cost involved in listing on the stock exchanges;
Guj and Trench (2013) reported that compiling and printing a prospectus for an IPO could cost a
company $300,000 to $500,000, in addition to the fees paid to the stockbroker, which could range
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from 1% to 7% of total capital raised. Also, the pre-production nature of mineral companies makes
it unattractive to report earnings quarterly. For producing mines, mining waste and larger stripping
ratios could mean companies will continually report losses quarterly in anticipation of significant and
sustained growth in the future. The value of the company (market capitalisation) is easily influenced
by market sentiments and often not necessarily by the quality of assets under management.
Debt
Companies in production often pursue debt financing to raise capital for operations. Financial institu-
tions are stringent on the terms on which debt is advanced to mining companies because of the risky
nature of projects.
Debt financing attracts interest which is paid to the lender. These interest payments don’t con-
sider cash flows, downturns or losses (Guj and Trench, 2013). In addition, too much debt makes
the company’s finances unattractive for subsequent investors. In spite of the merits of financing a
project through debt, the shortcomings identified highlight the disadvantages of over-reliance on debt
financing. That notwithstanding, debt is still a favoured capital-raising source and mining companies
must consider the timing of their financial decisions and negotiate good interest rates and terms of
payments to fully optimise the benefit it offers. There are two main forms of debt financing, charac-
terised mainly by the duration of repayment. Long-term debts are instruments which span beyond 12
months and could be up to 10 years or more. These include loans from commercial banks, debentures
and corporate bonds. Short-term debts on the other hand, are financial instruments accessed with a
life-span of less than 12 months. These often come with higher interest rates and are procured usually
to cover day-to-day expenditure or to serve as bridge finance.
2.8 Risk and uncertainty analysis
The commodity and equity markets are characterised by high volatility and uncertainties, with the last
decade witnessing an increase in these phenomena. Events such as the global financial crisis, China’s
economic slowdown and most recently, the Brexit are only a few instances that seem to question
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our conventional understanding, as practitioners, of how the commodity markets function. Figure
2.3 highlights the difference between how the share index for Australian mining companies and the
general stock market as a whole reacted to the same global uncertainties. The global financial crisis
was triggered by the collapse in the United States of America sub-prime mortgage markets, which
trickled down to other economies around the world. As the markets recovered, the high demand
for raw materials, fuelled by the high growth of India, China and other emerging economies, served
as a catalyst for the commodity boom. The weakness in the equity market created an opportunity
for precious metals such as gold, seen as a store of value, this resulted in increased demand and,
subsequently, high commodity prices. The boom, which was relatively short-lived, tapered as the
world recovered from the global financial crisis, leading to less spending. This phenomena resulted
in reduced global growth, hence less demand for mineral commodities, which caused the subsequent
price crash. In EYs rankings of business risks in mining and metals for 2015-16, switch to growth
was the most important risk faced by the mineral industry, while innovation moved to he tenth place.
The report highlighted the need for a clear understanding of the growth options available to mining
companies through the continuous awareness of the capital markets, supply and demand, geopolitical
developments, consumer behaviour and global or regional competition.
Knight in his seminal work published in 1921 defined risk as the ability to presently assign nu-
merical probabilities to random economic events (Knight, 1921). On the other hand random events to
which agents cannot assign probabilities are said to involve uncertainty. This was later simplified as
a popular cliche´: “the future is subject to risk; the future is uncertain The risks associated with min-
eral investments arise mainly from the uncertainties of price, the host country’s investment climate,
exchange rates and exploration and recovery technology (Fan and Zhu, 2010). Uncertainties affecting
minerals projects are demarcated into two, based on the type of risk associated with them: exogenous
and endogenous risks (Guj and Chandra, 2012). Exogenous or external risks (Topal, 2008), which are
mostly market influenced, are related to commodity prices and exchange rates; these are uncertain-
ties which cannot be reduced by increased information-gathering but can only unfold by waiting and
observing relevant price changes. Endogenous or internal risks (Topal, 2008), on the other hand, are
mostly private or project-related inputs, which range from grades to reserve tonnages, and their uncer-
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Figure 2.3: The diagram shows the index for the S&P/ASX 200, which tracks the major companies
listed on the Australian stock market, and the S&P/ASX 300 Metals and Mining, which tracks the
mining companies listed among the top 300 shares based on market capitalisation. Data source: ASX
tainty can be reduced by increased information-gathering through additional drilling at a significant
cost. Shafiee and Abbate (2012) outline how various valuation techniques have handled uncertainty,
in Table 2.2.
Real options have not only proven to be a superior asset valuation than the traditional approaches
as seen in Table 2.2, but also provided a road map on whether and how to pursue an opportunity
under uncertainty (Faiz, 2000). How far mining companies are able to exploit these uncertainties is a
question that is yet to be answered by research. In practice, mine planners cannot know with certainty
the quantity and quality of ore in the ground. Equally, future exchange rates cannot be known with
certainty (Abdel Sabour and Dimitrakopoulos, 2011; Abdel Sabour et al., 2008; Shafiee and Abbate,
2012). Vallee (2000) revealed that shortcomings in geological modelling and financial analysis in
early 1991 accounted for a loss of US$1.4 billion. Cortazar (1998) highlights the need to focus on the
economic uncertainties, because traditional finance theory states that only economic uncertainty plays
a role in the value of a given expected cash flow, because technical uncertainties are diversifiable.
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Botin et al. (2012) however, opine that the applicability of real options must not be limited to mar-
ket changes such as prices and rates, but also has potential to take into account internal and technical
uncertainties affecting projects. On market uncertainty, the assumption that the risk-adjusted min-
eral price forecast is the same as the forward price for a mineral could also lead to miscalculation of
uncertainties, contrary to the research by Samis et al. (2005). With continuous focus on the market op-
portunities available in considering options, one area practitioners and researchers alike have ignored
is what Davis (1996) terms the “growth option”, where additional value is generated through skills
held within the firm upon exercising an option. This growth option includes, upgrade of managerial
skills, technical knowledge, reputation, and labour quality.
Another case of a gap in uncertainty has been the assumption that mine management exercises
each available option at an optimal time, which is unrealistic (Davis, 1996). Rather, option premiums
should be treated as upper bounds on realised premiums to reflect the uncertain and volatile nature
of the industry. As a move towards effectively managing uncertainties, Dube (2012) models all risks
associated with a project into one single measure of risk, conveniently referred to as the risk premium,
which is accounted for by modifying the DCF of a net cash flow by introducing a covariance. Al-
though applying the risk premium is evidently an improvement over the existing single discounting
rate of risk, its pitfall is that it fails to account for the value of time and the essence of management
flexibility in dealing with uncertainties to create value for shareholders and investors in minerals
projects (Zambujal-Oliveira, 2013).
2.9 Mineral valuation standards
In his book, The Black Swan, Nassim Taleb discusses a theory where he claims some events are not
possible to predict, rare in occurrence and in most instances have no historical benchmark (Taleb,
2007). Our inability to quantify the potential occurrence of these events often magnifies its impact.
In essence, such events lead to drastic changes in the status quo particularly in the areas of regulation,
compliance and oversight. Two of these events have shaped the way the mineral industry reports its
exploration discovery: (1) the Poseidon nickel boom and bust in Western Australia which led to the
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introduction of the process towards the JORC Code in 1971; and (2) the 1997 Bre-X gold scandal
in Canada, which led to the documentation of the NI 43 101 for the Canadian mining industry and,
subsequently, the SAMREC for the South African mineral sector. These three reporting codes have
become key compliance and regulatory documents that have standardised how mineral resources and
reserves are reported and presented across several jurisdictions.
In the 1960s, the Vietnam war and the industrial action by nickel miners in Canada created a
huge demand for Australians mining the mineral. In 1969, Poseidon NL, an exploration in Western
Australia made a promising discovery of nickel. From a modest share price of $0.80 on the day (25
September 1969)the drill results were made public to some insiders. The price would later rise to
$280 per share by 5 February 1970 fuelled strictly by media reportage and rumours but few technical
results. The mine subsequently started production in 1974 and was de-listed from the exchange by
1976, as a result of several challenges encountered. Although Poseidon NL actually had discovered
the nickel deposits, other companies that then took advantage of the boom as a result of proximity
later engaged in fringe activities, as reported by Simon (2003). Tasmania NL spotted a few samples
of heavy metals in its drill. Rumours that the metals discovered was nickel escalated the company’s
share price from $2.80 to as high as $75. Simon (2003) records that the chairman of the company
sold most of his shares at that price and subsequently no discovery was made at the initial site of
drilling. On 17 March 1971, Dr John Rose an economist at the then Melbourne University’s Institute
of Applied Economies was quoted in the Australian Financial Review as saying:
“One cannot help but wonder whether the atmosphere in our stock market trading in mineral
securities should not be likened to that which existed when chain letters were the rage. To put it
another way, are people buying stocks on the appreciation that they will locate a valuable source of
minerals and develop the mine into profitable production, or are they buying merely on the assumption
that there will be further demand for the stock and such additional demand will enable them to sell
the stock at a price higher than what they paid?” (Simon, 2003)
These developments prompted the then Australian Mining Industry Council currently known as
the Minerals Council of Australia (MCA) to react by establishing a committee to examine the chal-
lenge and offer recommendations on the way forward. This action was later joined by the Australasian
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Figure 2.4: The share price of Bre-X from inception to collapse. Source: Business Insider
Institute of Mining and Metallurgy (The AusIMM), resulting in the creation of the Australasian Joint
Ore Reserves Committee (JORC) in 1971. The JORC Code, which was subsequently birthed out of
this committee has been a trailblazer globally in serving as a guideline to provide a minimum standard
for reporting of exploration results.
In 1993, Michael de Guzman, a Philipino geologist orchestrated one of the largest fraud in mining
history by reporting his “discovery” of 200 million ounces of gold in resources at Busang in Indonesia
by salting his drill samples with gold dust obtained from nearby small scale miners. From a low price
of $0.30, The share price of Michael’s company rose to $250 per share before the fraud was finally
exposed. This scandal involved several reputable companies such as Nesbitt Burns Ltd, J. P. Morgan,
Alberta Stock Exchange, Bank of Montreal, NASDAQ Stock Market, Ontario Teachers’ Pension Plan
and Caisse de Depot, acting either as investors, brokers or regulators. The scam was subsequently
exposed in March 1997, when Freeport-McMoRan, a potential developer for the Busang project, an-
nounced that its own core samples obtained from its drilling program contained insignificant amounts
of gold.
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This incident contributed to the creation of the National Instrument 43 101, a national instrument
for the Standards of Disclosure for Mineral Projects within Canada to outline the rules and guidelines
for reporting and presenting information obtained from mineral project activities by companies trad-
ing in Canada in 1998. The national instrument was followed by a detailed standards and guidelines
for valuation of mineral properties spearheaded by Keith Spence and Dr William Roscoe in February
2003. Subsequently the South African code for the reporting of exploration results, mineral resources
and mineral reserves (SAMREC Code) set out the minimum standards, recommendations and guide-
lines for Public Reporting of Exploration Results, Mineral Resources and Mineral Reserves in South
Africa.
With the introduction of these codes to standardise and regulate how mining companies report in-
formation to the public, there was growing concern and interest in communicating and estimating the
value of mineral assets for appraisal purposes. The various professional bodies serving as custodians
for the resource reporting codes subsequently developed their valuation codes birthing the three main
valuation codes used in the mineral industry as seen in Table 2.5.
Table 2.5: Professional bodies and their valuation codes
Professional Body Code Year of Inception
The Australasian Institute of Mining and Metallurgy VALMIN Code July 1995
The Canadian Institute of Mining, Metallurgy and Petroleum CIMVAL February 2003
The South African Institute of Mining and Metallurgy SAMVAL Code April 2008
2.10 Chapter summary
This chapter:
• presented an overview of the mineral industry. It discussed in detail the nature of the taxes in
the mineral industry, the time value of money and financial analytical approaches with respect
to the industry.
• discussed the three main types of project valuation approaches. The market based approach,
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the cost based approach the income based approach were all discussed and their merits as well
as demerits discussed.
• further discussed the various national codes guiding the project valuation process with their
history. This included the Canadian CIMVAL code, the South African SAMVAL code and the
Australian VALMIN code.
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Chapter 3
Literature review
If I have seen further it is by standing on the shoulders of giants.
Isaac Newton
3.1 Introduction
This chapter:
• primarily reviews existing project valuation techniques and discusses in detail the essential
research gaps identified in ROA.
• discusses real options as a theory and in practice in the mineral industry by reviewing the works
of earlier researchers.
• reviews in detail the estimation of the volatility of mineral projects used in ROA.
3.2 History of ROA
Hotelling (1931) introduced an optimal model to determine the value of an exhaustible resource when
the contents in the ground are fully known with certainty. Chen (1970) improved the underlying as-
sumption of certainty to introduce the modelling of uncertainties in the estimation of resource quan-
tity and its application to mine planning. However, missing in their analysis was the uncertainty of
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the future prices of the underlying commodity. The initial work by Black and Scholes 1973; Black
1976; Merton 1973, however, introduced the opportunity to estimate the value of assets under market
uncertainties. Notable among the initial works was Pindyck (1979), who postulated that “demand
uncertainty has no effect on the expected dynamics of market price”, based on Merton (1973) concept
of future uncertainty. The first case of a natural resource valuation under uncertainty is credited to
Tourinho (1979), who assumed that price of the underlying asset follows a Gauss-Wienner stochastic
process to determine the value of a resource assets under two options. In the mining industry, there
was growing concern of the impact about market uncertainty on mineral projects and how it can be
accounted for in the valuation process. Brennan and Schwartz (1985) came to the conclusion that “the
techniques of continuous time arbitrage and stochastic control theory may be used not only to value
mining projects but also determine the optimal policy for developing, managing and abandoning min-
eral projects”, in other words, real options can be incorporated into the valuation process not only to
manage uncertainties, but also to introduce flexibility that optimises project value. This research was
a breakthrough in the application of real options, in the mineral industry and paved the way for several
other applications and research in the area. Subsequently, Trigeorgis (1986) extended the application
of real options to capital budgeting in his doctoral thesis where he demonstrated the added advantages
of real options, particularly how multiple options can interact within a project during the valuation
process.
3.3 Advanced valuation techniques
Although traditional approaches to estimating project value are easy to apply, they are built on faulty
assumptions (Dixit and Pindyck, 2001). Increasingly, authors have highlighted the need for much-
improved valuation techniques (Cortazar and Casassus, 1998; Dube, 2012; Fernandes et al., 2011)
since current investment project are becoming more risky (Botin et al., 2012), with increased cases of
declining ore grades and high volatility in commodity prices. Notable among these early researchers
are: Bhappu and Guzman (1995), who attributed the failure of traditional valuation methods to their
lack of ability to capture flexibility in management decision-making (Trigeorgis and Brennan, 2000;
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Abdel Sabour and Dimitrakopoulos, 2011). The approach to introducing flexibility and managing
uncertainty has become a basic requirement for effective valuations.
Another vital area of weakness in traditional valuation techniques has been the volatility of com-
modity prices. It must be noted that, in seasons of low volatility and high commodity prices, mining
companies are naturally inclined to use simple valuation methods that offer a binary “yes” or “no”
answer; however, in times of high volatility, coupled with low commodity prices, comprehensive
approaches are sorted in investment decision-making to reveal the true value of projects and the man-
agerial flexibility available (Topal, 2008). Wrong investment decisions can lead to situations in the
future that will be unsustainable for mining companies to operate at a profit or go bankrupt. There-
fore good financial management combined with good capital investment decisions is critical to the
survival of projects (Fernandes et al., 2011). The evolution of valuation techniques from traditional
to sophisticated ones has become imperative, because currently there exists a major challenge in
tracking resource valuation, mine and process scheduling, marketing and financial valuation into one
integrated minerals project valuation process (Dube, 2012).
Additionally, the failure of traditional methods of mineral project valuation to capture the true
value of mining investments may lead to the rejection of good investment opportunities or intensively
allocating capital to marginal ones (Sabour and Poulin, 2010; Davis, 1996). The application of in-
terpretations of risk in conventional processes is based more on a subjective approach instead of a
quantitative approach which results in biased outcomes and the inability to fully capture the risk as-
sociated with the various uncertainties and how to turn them into value (Abdel Sabour et al., 2008;
Haque et al., 2014). This has highlighted the need to improve valuation techniques towards a more
efficient system for mine planning in the face of multiple uncertainties which minimise subjective
judgements (Abdel Sabour et al., 2008).
The mining industry has been working towards a consistent approach to determine the effect of
project risk on value and operating policy, with a variety of valuation techniques. Project analysts
are attempting to build mine valuation models that successfully integrate market information about
risk with a detailed description of project structure (Blais et al., 2007). Valuation techniques from the
financial industry (Faiz, 2000) are being adapted so that a mine valuation model can successfully inte-
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grate market information about risk with a detailed description of project structure (Blais et al., 2007).
In addition, considering the uncertainties faced by mining companies, should a minerals project be
successful, options such as: “decision to defer, expand, shrink and abandon” must be considered in a
variety of ways at different stages (Shafiee and Abbate, 2012).
Real options have proven to be more than just a better method to calculate an asset’s worth in all
these instances (Faiz, 2000). The method is a powerful approach to reconcile strategic and financial
analysis (Enders et al., 2010). However, despite the wide consensus on the benefits of using real
options approach for valuing commodity contingency claims, its adoption has been slow because
most firms that use this new approach, limit its abilities to restricted formulas based on financial
claims by Black and Scholes (1973), without taking advantage of the full potential of real options
(Cortazar and Casassus, 1998).
Guj (2011) concedes that the practical acceptance in the mining industry for real options has, un-
til recently, been slow because of its perceived computational complexity. The level of mathematics
involved in developing a real options model for evaluating a small mine is arguably a more sophisti-
cated process than standard NPV mathematics (Davis, 1998, 1996; Haque et al., 2014). Haque et al.
(2014) further highlight the weakness of real options practicality by stating:
Although the concept of real options valuation arose a few decades ago, most of the models that
have been developed to-date are generally theoretical and restricted to the areas of research and
academia and, as such, the application of real options valuation methods remains poorly understood
and often not used in real mining project valuations.
Zambujal-Oliveira (2013) argues that in spite of all the merits of real options, option pricing
models still need to bypass some realistic shortfalls such as the complexities associated with their
computations. Herder et al. (2011) express their dissatisfaction, with this question: “Why is it that,
while real option analysis shows great potential and superior valuation in academic literature, it is not
widely implemented in the practice of infrastructure projects valuation?”
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3.3.1 Monte Carlo simulation
The Monte Carlo simulation method of project valuation develops an analytical model. This is done
by generating of a probability distribution from subjective or historical data for each variable under
consideration in the model which then calculates outcomes of the project by using the marginal dis-
tribution of all the variables appearing in the NPV equation (Topal, 2008). This method has superior
analytical ability and it is able to create several scenarios for decision purposes and can include a
large number of uncertain variables. However, it fails to eliminate the problem of subjective judge-
ment where historical data are absent or a selection decision need to be made. It is easily applied in
conjunction with other methods (Topal, 2008) and this is often seen in its application with real options
to evaluate projects with large uncertainties and several variables.
3.3.2 Decision trees
Sabour and Poulin (2010) agree that although both finite difference and binomial lattice are efficient
in valuing American style options, they fail to present a practical approach in project valuation in the
cases of multiple uncertainties and state variables, due to high-dimensional problems. Hence, their
levels of complexity increase exponentially with the number of uncertain variables. In most cases
treating uncertainties as a discrete variable fails to reflect reality (Shafiee and Abbate, 2012); for
example, considering commodity price uncertainty as a discrete variable defeats its stochastic nature
in practice. As a merit, the decision tree allows the decision-maker to break down a large, complicated
problem into a series of small, simple problems. This offers the decision-maker the ability to see the
whole picture of the project and the outcomes of possible routes with respect to NPV (Topal, 2008).
3.3.3 Option pricing
The DCF method has enjoyed prominence in the area of mineral project valuation. Lately, researchers
have challenged the potency of the method in adequately accounting for risk and uncertainty in valua-
tion processes. Key critics of this have been Dixit and Pindyck (1994). The DCF method suggests that
the investment decision should either be pursued today or be abandoned. To challenge this paradigm,
42
Merton (1973) extended the theory of options developed by Black and Scholes (1973) to include real
assets. The term, “real options”, was then coined by Myers (1977) in his study, Determinants of
Corporate Borrowing. He states:
Strategic planning needs finance. Present value calculations are needed as a check on strategic
analysis and vice versa. However, standard discounted cash flow techniques will tend to understate
the option value attached to growing profitable lines of business. Corporate finance theory requires
extension to deal with “real options” (Myers, 1977) .
One key differentiation between the DCF approach to project valuation and ROA is that, the DCF
method assumes the mine life as a variable, whereas the real options method assumes the life of mine
as a function (Shafiee, 2010). The difference between the DCF approach and the ROA approach to
project valuation is documented in Table 3.1.
Table 3.1: The difference between the DCF method and ROA in project valuation. Source: (Faiz,
2000)
DCF ROA
Static Dynamic
Now or never Can abandon, defer, open or expand
Unchangeable across project life Changeable across project life
Passive management Active management
Constant discounting for time and risk Discounting for time and manage the risk
One view across time Several views across time.
In 1985, Brennan and Schwartz (1985) applied the concept of real options to the mineral industry.
They suggested that the valuation of mining and other natural resources projects is a challenge due
to uncertainty attached to the output of prices. The dynamic arbitrage theory was explored in their
research to determine optimal plans for developing, managing and abandoning mineral projects. In
determining whether to keep a project operating or temporarily shut down production, McDonald
and Siegel (1985) developed a method where risk-prone projects could be valued under price and
cost uncertainty, particularly scenarios where variable cost was more than revenue. Paddock (1988)
also posits that using real options a petroleum project can be deferred to avert bankruptcy. In modern
mineral resource settings, Fernandes et al. (2011) have looked into the analysis of risk and uncertainty
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after deregulation, and Elder and Serletis (2010) have evaluated the role of volatility in oil price and
investment. Wang et al. (2013) investigated the valuation of project values for the coal industry.
3.4 General valuation model
The NPV of a finite mineral project is the present value of the projects cash flow at time t. In classical
valuation, if the project’s NPV > 0, the project is economically viable. If the project’s NPV = 0, the
project is assumed to have broken even and the investors’ discretion on whether to proceed or abort is
often required. In cases where the NPV < 0, the project is considered not viable.
In estimating the value of a mineral project, a partial differential equation is derived based on the
assumption that the value of the mine is the present value of the project’s cash flow at time t. So for a
project under uncertainty, the value becomes:
V(R,C). (3.1)
The value of the project is estimated using Itoˆ’s Lemma differentiated partially. This is solved based
on two assumptions where V is a smooth stochastic function: expressed in a general form expressed
in Yt as : dYt = µdt +σVdFt where dFt is a Brownian process; and the quadratic variation assumption
where: (dFt)2 = dt.
Generally, the NPV of a project is a composite of three primary variables: revenue, cost and taxes.
In this model, a general assumption is made where the tax rate is determined with certainty. This
leaves the revenue and cost as the main sources of uncertainty in the cash flow of the project. Hence,
a project with value V is subject to two main sources of uncertainty revenue (price) R(t) and cost C(t).
It is assumed that Revenue and Cost follow a geometric Brownian process. This is represented as:
dR = αRRdt + σRRdZR, (3.2)
dC = αCCdt + σCCdZC, (3.3)
where dZR and dZC are independent increments of a Weiner process, dZR = εRt
√
dt and dZC = εCt
√
dt;
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εRt and εC t , are normally distributed random variables with a mean of 0 and standard deviation of 1:
αR and αC, represent drift parameters; and σR and σC, represent variance parameters.
In the mineral industry, managers are price takers hence the investment cost is less relevant once
an investment has been made. The value of an investment depends on both the price and the cost.
In Figure 3.1, the boundary that separates the decision to invest or wait is demonstrated. The next
sections demonstrate how that boundary is empirically determined.
Figure 3.1: Mineral investment decision under price and cost uncertainty. Source: Dixit and Pindyck
(1994)
Applying Ito’s Lemma, the return on capital becomes:
d(V − xR − yC) = (VR − x)dR + (FC − y)dC + 12[VRRσ
2
RR
2 + 2VRCρσRσCRC + VCCσ2CC
2]dt.
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To make the portfolio riskless, we assume x = VR and y = VC. Over a time interval of (t, t + ∆t),
the return on capital will be:
1
2
(VRRσ2RR
2 + 2VRCρσRσCRC + VCCσ2CC
2)dt.
The solution for the (R,C) plane is divided into a mesh and the infinitesimal steps δR and δC are
approximated by small fixed finite steps (Nwozo and Fadugba, 2012). Updating the equation, the
riskless return on the portfolio becomes:
1
2
(σ2RR
2VRR + 2ρσRσCRCVRC + σ2CC
2VCC) + (r − δR)RVR + (r − δC)CVC − rV = 0 (3.4)
3.4.1 Net cash flow estimation of a mineral project
The net cash flow of a mineral project is the net of its inflow (revenue) and outcome (cost).
Revenue
In estimating the annual revenue generated by a mine, the two primary variables directly proportional
are the tonnage of ore produced in the year and the market price of the produced commodity. The
revenue, R, is expressed as:
R =
[
(1 − l)T
1 − d
]
(m)(g)(P), (3.5)
where:
T = tonnage of ore produced per year (t/yr);
l = ore loss;
d = ore dilution;
g = mill head grade (g/t);
m = mill recovery;
P = unit price of processed ore ($/g).
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The revenue of the mine over time (t) where the price of the processed ore is expressed as a
stochastic process:
R(t) =
[
(1 − l)T
1 − d
] [
(r)gP(t)
]
, (3.6)
Cost
The annual cost of a project is a summation of the fixed costs and the variable costs of the project
shown below:
Ct = C f + Cv, (3.7)
where:
Ct = total cost;
C f = fixed costs;
Cv = variable costs.
The cash flow is defined as the difference between the total cash receipts (inflows) and the to-
tal cash disbursements (outflows) for a given period of time, typically one year. This is expressed
mathematically as:
Cash f low =
∑
(CashIn f lows) −
∑
(CashOut f lows). (3.8)
This is expressed mathematically as:
F(t) = R(t) −C(t)
3.5 Monte Carlo method for valuing a mining asset
According to Martinez (2010), the Monte Carlo simulation technique is a flexible approach for valu-
ing projects under uncertainty using real options but this approach is still new in the mining industry
and more research needs to be done in order for it to be able to handle the challenges associated with
the valuation of projects. One of the major setbacks in valuing mineral projects using real options is
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the simplification of the factors that could affect the value of an option because of the complexities
associated with the finite difference and binomial lattice techniques when multiple factors are consid-
ered (Longstaff and Schwartz, 2001). The authors went on to identify five main merits of the Monte
Carlo method of valuing options over other existing methods:
1. As stated earlier, the simulation makes it easy to include multiple sources of uncertainty that
affect the value of the option.
2. Simulation enables the valuation of derivatives with both path-dependent and American styled
options, a very important characteristic for mineral projects since they are seen as similar to
American options.
3. The simulation method enables the state variables considered to follow a general stochastic
process.
4. The emergence of high-speed computing provides an advantage for effective and efficient mod-
elling.
5. Finally, the simulation method is relatively flexible, transparent and above all simple, a feature
necessary for the adoption of real options in the mineral industry.
The seminal work of Longstaff and Schwartz (2001) developed the fundamental application of
Least Square Monte Carlo simulation in real options which was used to price American options.
Table 3.2 outlines the similarities and differences between an American call option and real option
application.
Table 3.2: Relationship between an American call option (financial option) and a real option applica-
tion to a mineral project. Modified after (Charnes and Cobb, 2004)
American call option Real option
Stock price Present value of cash flows
Exercise price Investment cost
Risk free rate Risk free rate
Expiration time Maturity of opportunity
Price volatility Project volatility
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According to Averbukh (1997), the Monte Carlo simulation is a numerical procedure that allows
the approximation of an integral I ≈ ∫
A
f (x)dx, where f : Rn → R and A ⊂ R, which for a long time
was not a proven method for solving American options as a result of the induction nature of existing
solutions as opposed to the forward-looking nature of simulation. Averbukh (1997) further states
that the approximation is obtained by choosing a sequence xk, k = 1, ...N of independent, uniformly
distributed points in A and approximating the integral I by:
Iˆ(N) =
1
N
N∑
k=1
f (xk).
For this model, a state space, Ω is defined, which encompass all the possible variables in the state,
mine, within a finite period [0, T]. Also, let Φ be the space that distinguishes events at time T and
ρ the probability of Φ occurrence. The probability space becomes (Ω,Φ, ρ). In addition, the mine
system is assumed to:
• be a perfect system. The mine process will not be interrupted by any external factor
• have its investors prefer more wealth to less.
The value of an American option is the same as the maximised value of the DCF from the option
(Longstaff and Schwartz, 2001). The objective of the Longstaff and Schwartz (2001) pricing model
is to approximate the optional stopping rule for each simulated path that maximises the value of the
option.
In the least-squares approach, the solution process involves working from a final value backwards
through different cash flows.
3.6 Real options applications
The applications presented in this section re-affirms the advancement of real options over the years
and its importance in the valuation of projects. The application of real options to the mineral resource
industry is outlined in Table 3.3.
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Table 3.3: Recent applications of real options in the mineral resource sector.
Author Application Sector
Fernandes et al. (2011) Analyse additional risk and uncertainty after deregu-
lation
Energy
Daniel et al. (2010) Evaluate resource projects under fiscal (tax) regimes Mineral resources
Elder and Serletis
(2010)
Role of volatility in oil price and investment Energy
Evatt et al. (2011) Operational success of mine and expected life of mine Mineral resources
Enders et al. (2010) Option between scale production level or scale extrac-
tion rate
Natural gas
Lin and Huang (2010) Entry and exit model on energy saving investment
strategy
Energy
Fan and Zhu (2010) Evaluate and compare critical value of oil investment
in different countries
Energy
Hitch et al. (2014) Making corporate social responsibility flexible
through options
Mineral resources
Sabour and Poulin
(2010)
Mine expansions under uncertainty Mineral resources
Ndiaye and Armstrong
(2013)
Benefits to community shareholders based on com-
modity price options
Mineral resources
Guj (2011) Establishing a farm-in/out agreement based on com-
pound options
Mineral resources
Sun and Fu (2010) Alternate features of uncertainties in mineral invest-
ments
Mineral resources
Haque et al. (2014) Numerical estimation of project value based on com-
modity price options
Mineral resources
Dehghani and Ataee-
pour (2013)
Estimating present value under operating cost and
metal price uncertainty
Mineral resources
Zambujal-Oliveira
(2013)
Pricing energy products under price risk and high in-
vestment level
Energy
Fan et al. (2013) Discovering investment opportunity in China’s coal
bed methane industry
Energy
Wang et al. (2013) Evaluating project values in the coal industry Energy
Zou et al. (2010) Evaluating coal projects based on jump diffusion of
coal price
Energy
Soares and Baltazar
(2010)
Evaluating oil field with three real option approaches Energy
Conrad and Mezey
(2010)
Decision making to develop, extract or harvest natural
resources
Agriculture
Tan et al. (2010) Model Uncertainty in mineral resource exploration
and development
Mineral resources
Botin et al. (2012) Manage risk associated with variability of mine plans Mineral resources
Lin and Wang (2012) Evaluating projects with embedded options and lim-
ited reserves
Mineral resources
Myers and Read (2012) Evaluating project value based on corporate tax and
debt capacity
mineral resources
Maybee et al. (2010) Decision based strategic mine planning with risk
based options
Mineral resources
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3.7 Classification of real options
The main classification of real options with respect to projects has been the work of Trigeorgis (1988).
To classify the characteristics of available options Trigeorgis (1988) considers three main questions
(subdivided into six).
Is the investment decision characterised by:
• competitive interaction or exclusive ownership? (shared or proprietary)
• inter or intra project interaction? (single or compound)
• urgency of decision? (expiring or deferrable)
Based on these questions Trigeorgis (1988) developed eighth unique classifications of real options,
which have been modified to reflect the mineral industry:
1. Proprietary - Shared - Expiring (planned maintenance)
2. Proprietary - Simple - Defer (crusher upgrade)
3. Proprietary - Compound - Expiring (immediate merger offer)
4. Proprietary Compound - Defer (patent recovery method)
5. Shared - Simple - Expiring (acquisition of projects Offer)
6. Shared - Simple - Defer (exploiting a new mineral on concession)
7. Shared - Compound - Expiring (diversifying portfolio into non-core assets)
8. Shared - Compound - Defer (mining in a different country)
Using these classifications, Trigeorgis (1988) then determined the option value of projects, linking
the classifications with operating strategies to determine the corresponding real options value.
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3.8 Challenges with real options
Computation
The level of mathematics involved in developing a real options model for evaluating a small mine is
arguably a more sophisticated process than standard NPV mathematics (Davis, 1996, 1998; Haque
et al., 2014). The slow rate of acceptance of ROA by practitioners is attributed to the perception that
the method is impractical as a result of its computational complexity (Guj and Chandra, 2012). Most
of the models used in ROA are limited to theoretical research and academia, making real options
poorly understood, and often ignored in the valuation of real-case industrial projects (Guj, 2011). The
analytical and numerical solutions derived through the application of real options are rarely found in
practice, because of the complexity associated with solving the partial differential equations, which
are dependent on several conditions and parameters (Haque et al., 2014).
The factors that make project valuation with real options difficult are outlined below:
• The numerical simulation concept for determining project values through the real option method
is not readily available.
• The challenge in solving high order partial differential equations.
• The determination of the project value of mining projects is challenging due to the several and
complex uncertainties associated with mineral projects.
To make real options application look easier and simpler, most authors make simplified assumptions
(Davis, 1998), which in turn cause models to deviate from reality. One basic assumption has been
the approach where cash flows are treated as linear and as such each time period depends on a linear
variable, such as commodity price (Samis et al., 2005). In Elkington and Gould (2012), the sale price
was assumed as the only source of risk in a minerals project by using a price tree with a discrete
number of branches as well as associated probabilities to represent price distribution over time.
Another revealing area in complex computations is the case of a mine producing multiple com-
modities. Blais et al. (2007) opine that some numerical techniques used by real options practitioners
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have limitations that force many valuation professionals to consider primary output as the only under-
lying state variable. Any other secondary minerals are converted into the primary minerals equivalent.
In arriving at a numerical solution for a mineral project through a simple approach, a high-ordered
partial differential equation is constructed using a geometric Brownian motion model, with the inclu-
sion of financial market tools such as options, hedging, and futures market contracts, after which the
equation generated is solved to obtain a real value (Haque et al., 2014). This “simplified” approach
certainly will not look simple to a practitioner, no matter the added information it presents.
In developing a real options model based on Black and Scholes (1973), six parameters should be
considered for computations. These parameters are difficult or, in some cases, impossible to estimate
accurately (Majd and Pindyck, 1987; Davis, 1998). Notable among these are the assumptions that drift
and volatility of the value of the project are constant. Although this assumption seems convenient, it
is mathematically unrealistic in practice (Davis, 1998). Where historical time-series data exist for a
project market value, a constant assumption can be made, but this is rarely the case in practice (Davis,
1998).
In the modelling of the stochastic behaviour of commodity prices, a two-factor model for the
stochastic behaviour of prices has been assumed (Schwartz and Cortazar, 1998). This model consid-
ered the price of the commodity and its convenience yield. The introduction of the exchange traded
funds with respect to gold on the commodity market has introduced a new form of risk and uncertainty
to the modelling behaviour of commodity prices.
Implementation
The majority of mineral firms through which real options were developed do not use option pricing
in their capital decision making (Block, 2007). Although the subject of real options is enjoying a bull
market in academia, top managers do not appear to share in the increasing interest (Baker and Dutta,
2011). According to estimates, approximately 70% of research conducted on real options valuation
in mining focused on hypothetical projects; the main reason is attributed to the unavailability of data
for the analysis on actual projects as a result of confidentiality issues (Shafiee and Abbate, 2012).
Only 8.1% of firms considered real options in their valuation in the research conducted by Bennouna
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et al. (2010) and Block (2007) in North America. Graham and Harvey (2001) reported close figures
of 14.3% and 11.4%, respectively, with respect to real options implementation in the North America
region, while Baker and Dutta (2011) recent research puts the figure at 16.8% for Canada. The most
recent case for Australia in 2001 concluded that its companies are making strides in the application
of real options with a reported figure of 32% applying real options in the valuation of their projects
(Graham and Harvey, 2001).
Several reasons have been attributed to the lack of implementation of real options. Chief among
them are: scepticism, complex and cumbersome techniques, lack of management support, the DCF
being considered a proven method and ROV considered a risky method (Block, 2007; Cotter et al.,
2003). Practically, one major weakness that has hampered the implementation of real options in sev-
eral projects has been the application, of a single variable, in most cases the commodity price, as
the only source of uncertainty in mineral project valuations (Samis et al., 2005; Blais et al., 2007;
Cortazar, 1998) to prove similarities with financial options (Davis, 1996). It must be noted that not
all cases justify the utilisation of several variables in its application, but in most cases simplifying
these variables seriously hinders the understanding of the operational behaviour of a firm subject to
high uncertainty and high operational flexibility (Cortazar, 1998). Blais et al. (2007) attribute this
simplification to the complexities associated with numerical techniques, which make it difficult to
include multiple sources of uncertainties in real option models. For example, cases where foreign
exchange rates are treated as a constant (Blais et al., 2007) hamper the holistic take up of real options
by industry, since, it then becomes not better than subjective judgement because, in reality, the un-
certainty of foreign exchange rates has damaged the value of several potential projects in the medium
to long term. Lately, as a move towards practical implementation, there is the need to optimise mine
plans but optimising based on single plans with aggregated sources of risk leaves much to be desired
(Elkington and Gould, 2012).
It has been proven that uncertainty of future mineral prices affects the satisfactory price to exercise
the option as well as the decision rule upon which the option is exercised (Sabour, 2002). However,
that should not limit mineral prices as the only uncertainty in the mineral investment enclave. In
addition to foreign exchange is the assumption of linearity for taxes in various valuation techniques.
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The most current real option approaches are no exemption. To avoid this limitation, a non-linearity
contingency is proposed (Cortazar and Casassus, 1998), under uncertain conditions where taxable
income is treated as stochastic. In such a case it becomes impossible to estimate the tax burden using
the one point forecast of the input variable and ordinary spread sheet techniques (Samis et al., 2007).
Another area of uncertainty that has been ignored in its application is geological uncertainty and
conditional simulation (Botin et al., 2012). To improve the implementation of real options among the
practitioner community, three areas have been outlined to ensure the participation of real options by
the practitioner community, according to Cortazar and Casassus (1998):
1. A realistic modelling of uncertainties.
2. A careful modelling of the real asset to be valued.
3. User friendly computer programs should be developed.
A holistic application of these observations will guarantee the much anticipated increase in industry
participation in ROA. Also, researchers and practitioners should consider ROA not as a substitute
for traditional approaches in project valuation, but rather as a complement that fills the gaps that the
discounted cash flow cannot address (Botin et al., 2012).
Varying complexities have been associated with solving real options problems. One key com-
plexity is recorded by Hull (1987), where he describes the deriving of solutions associated with the
differential equations associated with the initial works of Cox et al. (1979) and Merton (1973) as un-
solvable. Hull (1987) opines that the solutions are independent of risk preferences under the following
conditions:
• The volatility is a traded asset.
• The volatility is uncorrelated with aggregate consumption.
3.9 Project volatility and real options
Real options are option-like opportunities and flexibilities where the underlying assets are real hence
the term real options (Simkins and Kemper, 2011). In the valuation of mineral assets using real
55
options, the value of a company is the present value of the expected annual cash flow generated in
a risk-neutral world using the risk-free rate for discounting (Hull, 2012). The application of Black
and Scholes (1973) to the mineral resources sector by Brennan and Schwartz (1985) has prioritised
volatility as a key parameter in the risk adjustment of commodity prices and cash flows. McDonald
and Siegel (1985) and Dixit and Pindyck (1994) first applied a general rule of using the historical
volatility of the underlying commodity of the mine project. Although this approach was widely ac-
cepted, most researchers and practitioners agreed that it didn’t capture the actual volatility of mineral
projects. This, therefore, affected the accuracy of the forward prices of projects estimated using real
options. To address this challenge, Davis (1998) proposed the project volatility model based on the
seminal work of Hull (1987). Hull (1987) established the relationship between volatility and real
options in his widely accepted book, Options, Futures and Other Derivatives. In the case where his-
torical time-series data exist for a project market value, a constant assumption can be made, but it is
rarely the case in practice (Davis, 1998). Based on this background, Davis (1998) empirically proved
the non constant nature of volatility. Through his work, subsequent researchers have been able to
develop models that estimate the volatility of projects quantitatively, moving away from the initial
assumption that the volatility of underlying commodities is equal to the volatility of mineral projects
(Lima and Suslick, 2006; Brandao et al., 2012).
3.9.1 Review of existing methods
In developing a real options model based on the fundamental theories introduced by Black and Scholes
(1973), least six parameters should be considered for computations. These parameters are difficult or,
in some cases, impossible to estimate accurately (Majd and Pindyck, 1987; Davis, 1998). Volatility is
one of the six parameters considered in pricing of options (Black and Scholes, 1973). Apart from its
role in option pricing, the knowledge of volatility allows both producers of minerals and consumers
alike to anticipate and take actions against undesired fluctuations in commodity prices and also to
quantify the risk involved in each decision (Lima and Suslick, 2006). Also, it is the volatility that
establishes the degree of uncertainty that can be tolerated by the investor (Brandao et al., 2012). The
uncertainty associated with the volatility of selected commodities such as zinc, tin, nickel, copper
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and oil is presented in Table 3.5 from data obtained from The London Metal Exchange and the En-
ergy Information Administration of the United States of America from the years 1998 to 2000 at a
period where government bonds had a volatility of 8% (Lima and Suslick, 2006). This high volatility
recorded for the commodity sector as compared to the bond markets justifies the high risk associated
with commodity investments. Figure 3.2 also highlights the price of gold over the last 30 years; of
particular interest has been the sudden increase in price over the last decade. The erratic nature of
this uncertainty over the last decade presents a new set of challenges to researchers and practitioners
alike. This is particularly salient in the application of real options, where Eschenbach et al. (2008)
assert that volatility is the parameter that differentiates the ROA from the DCF method, since all other
input parameters are common to both valuation methods.
Table 3.5: The uncertainty associated with commodities and their corresponding volatility are pre-
sented in this table from data obtained from The London Metal Exchange and the Energy Information
Administration of the United States of America from the years 1998 to 2000 at a period where gov-
ernment bonds had a volatility of 8%. Source: London Metal Exchange (http://www.lme.com/).
Commodity Volatility
Zinc 20.00%
Tin 18.90%
Lead 23.08%
Nickel 32.32%
Copper 19.52%
Oil 20.00%
Real options differ significantly from financial options. In financial options, the volatility of an
asset is estimated using market or historical data. On the traded commodities market, which includes
gold, the volatility is estimated using data from the futures market or the historical volatility is used
as a proxy for predictions through its applications in various models and other forms (Bockman et al.,
2008).
Earlier researchers proposed the assumption that the project volatility is equal to that of the un-
derlying commodity price (McDonald and Siegel, 1985; Majd and Pindyck, 1987; Dixit and Pindyck,
1994). For minerals projects, however, this approach will not be feasible. Three main reasons are
outlined below (Lima and Suslick, 2006):
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Figure 3.2: This graph shows the spot prices of gold for the last three decades (1985 - 2015) expressed
in ounces. The graph shows a significant increase in gold price over the last 10 years. Several theories
beyond the scope of this paper discusses this increase. Between 1990 and 2000 the annual volatility of
the gold price had been an average of 13%. However, over the last decade this average has increased
to 25%. This has made gold a very volatile metal with significant implication on the strategic planning
process of gold mines. Source: http://goldprice.org/
1. There are no recorded historical data of traded projects.
2. Mineral projects are different since they have their own financial and technical characteristics.
3. Mineral projects are individually distinct, even in the case of two projects aimed at producing
the same commodity.
To improve this theory, Barton and Lawryshynn (2010) proposed a stochastic modelling technique
to estimate volatility, assuming that the cash flow of a project may be highly correlated with an
available traded index. According to Lima and Suslick (2006), this assumption is only valid under
58
two conditions:
• when the project value is a linear function of commodity price;
• when the correlation between the commodity price and operating cost is positive and equal to
100%.
These conditions may not be entirely true in practice, because project value is not a linear function of
commodity price due to several variations in grade, costs and taxation that influence many projects.
Also, it is inaccurate to assume price and cost will correlate perfectly in the real world. This makes
it onerous to accurately determine the volatility of a mineral project in the application of real op-
tions although Haque et al. (2014) established a strong correlation between market volatility and the
value of the project as well as market performance. Barton and Lawryshynn (2010) has established a
stochastic methodology is for real options application but its application depends on finding a traded
index that correlates with the unique cash flows of a project. This poses implementation challenges
and might be non existent in practice.
Volatility has been estimated using different approaches under varying assumptions. One widely
accepted assumption is that of Paddock (1988) and Trigeorgis (1996), which directly equates volatility
of the price of the underlying risky asset to the project volatility. This assumption was supported
by Dixit and Pindyck (1994) who considered the volatility of the underlying stock of an asset as a
proxy for the project volatility. Copeland and Antikarov (2001) challenged these assumptions and
postulated that the volatility of the price of an asset and that of the project cannot be equal, since the
project volatility is influenced by internal factors such as costs that are incurred from the operation
and financing of the project.
Davis (1998) conducted one of the early works on empirically accounting for project volatility in
the valuation of real options for mineral projects. He developed this based on closed-form valuation
equations, which allow the calculation of project volatility. This approach focuses on the function
of the price of gold as a single source of uncertainty affecting the volatility. Costa Lima and Suslick
(2006) also considered uncertainty of oil prices as the sole source of uncertainty in their earlier work.
Subsequently, they updated their approach in Lima and Suslick (2006) to include other components
59
of the cash flow, such as operating cost. Brandao et al. (2012) introduced the application of fixed cost
in their volatility model using the Monte Carlo simulation technique.
To capture volatility efficiently, Dube (2012) established a relationship between commodity price
and commodity volume by introducing a covariance. The expression states that the increase in com-
modity price is proportional to the volume of commodity produced. This might not be entirely accu-
rate based on these two conditions:
• The volatility of commodities has fluctuated significantly over the last decades raising many
uncertainties. This development shifts the focus of mining companies from volume to value.
• For commodities such as gold, the demand and supply theory is not the sole determinant of
value; other unpredictable applications such as financial instruments significantly skew its
value.
Lately, mining companies have been reviewing operational and managerial approaches to value cre-
ation and optimisation to stay profitable. This move by mining companies has established a strong
focus on flexibility. Adopting a single-scenario plan has become an archaic approach to strategic
planning. This approach underplays the traditional reality that mining strategy is driven by a com-
modity market which can be extremely volatile (Elkington and Gould, 2012). These challenges have
made real options a useful tool to the mineral industry.
3.9.2 The volatility model of Davis (1998)
The initial approach of using traded commodities as proxies for estimating the volatility of a project
contributed to errors in the valuation process (Davis, 1998). Majd and Pindyck (1987) describe the
accurate estimation of the volatility of projects as impossible. Davis (1998) developed empirical
concepts in the estimation of project volatility, which adequately accounted for uncertainties faced by
mineral projects. Primarily, Davis (1998) set out to:
1. Model the value of a mine’s option.
2. Estimate the volatility of a project under two options, that is, a) operating flexibility and b)
when there is none.
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3. Estimate the dividend yield of a project under two options, that is, invest and abandon.
The review focuses on the estimation of the volatility by Davis (1998), since it falls within the scope
of this paper. The volatility was estimated through the following steps:
Step 1
The value of the project was estimated. The derivative asset F is represented as F = (V,T ) where V
is the expected present value of net income of the project. This was the expanded using ItOˆ Lemma
to obtain
dV j = α jVVdt + σ
j
VVdz, j = I, A,
where α jV(V, t) is the expected instantaneous drift rate of the value of the project, σ
j
V(V, t) is the instan-
taneous volatility rate of the value of the project and dZ is the standard Weiner process. According to
Davis (1998), the j shows the drift and the volatility function depends on whether the project underlies
the option whether to invest (I) or abandon (A).
Also Davis (1998) assumes the project output commodity fluctuates along a similar path to V .
This is represented as:
dS = αS (S , t)dt + σS (S , t)dz
Davis (1998) further assumes that since V depends on the current and future prices of the output
commodity, current project value can therefore be expressed as V(S , t), hence making the present
value of a mineral project a function of underlying commodity output.
The value of the project is therefore estimated using this equation.
dV j =
[
∂V j
∂t
+ αs(S , t)
∂V j
∂S
+
1
2
σ2S (S , t)
∂2V j
∂S 2
]
dt +
[
σS (S , t)
∂V j
V∂S
]
Vdz.
Step 2
Hence, the volatility of the project becomes:
σ
j
V = σS (S , t)
∂V j
V∂S
.
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The output commodity is assumed to have a constant rate of volatility; hence, it becomes:
σ
j
V =
∂V jS
V∂S
σS = 
jσS ,
where  j is is the price of elasticity of the project value or, in other words, the sensitivity of the project
value to that of the price of the commodity.
Discussion on the gaps in Davis (1998)
This research significantly advanced knowledge in the subject of volatility by empirically proving
that project volatility is not a constant but a function of time. However, further research has proven
that the value of a project is not solely a function of the underlying commodity price and time V(S , t).
This underestimates the impact of uncertainties on the volatility of project costs and other factors.
The research accounts for a single source of uncertainty that affects the volatility of a mineral project
(commodity price). With this assumption, the volatility of a project is limited to the external uncer-
tainties faced by companies, ignoring the internal uncertainties that could affect the project as well.
3.9.3 The volatility model of Lima and Suslick (2006)
Lima and Suslick (2006) proposed an alternative approach to estimating project volatility using nu-
merical methods based on the present value of future cash flows and Monte Carlo simulation. Their
research:
1. Developed the critical cut-off grade estimation model for mining operations.
2. Developed a model to estimate the volatility of mineral projects based on the revenue and costs
of the mine.
3. Analysed how the volatility model affects the strategic decision-making of the mine.
These steps describe the models in detail Lima and Suslick (2006):
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Step 1
The critical cut-off grade (gc) of the deposit is estimated using this equation:
gc >
C
P(1 −G)ER ,
where ER is the exchange rate between currencies of the jurisdiction of operation and trading cur-
rency, C is the operating cost and P is the commodity price whereas G is the contribution to govern-
ment through taxes.
Step 2
The price and operating cost of the project is assumed to follow a geometric Brownian motion repre-
sented as:
dP = αPPdt + σPPdzP,
dC = αCCdt + σCPdzC.
Step 3
The expected value of the project becomes:
E[V] = K(1 −G)gc
[
P
µ − αP (1 − e
−(µ−αp)T ) − C
µ − αC (1 − e
−(µ−αc)T )
]
,
where K is yearly production rate, T is project operational life, I is present value of investment, µ is
the risk adjusted discount rate of the cash flow, and r is the risk-free rate.
Step 4
According to Lima and Suslick (2006), the volatility of the project is estimated as:
σV =
1
V
√σ2PP2 (∂VdP
)2
+ σ2CC2
(
∂V
dC
)2
+ 2σPσCρP,C
(
∂V
dC
) (
∂V
dP
),
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where
∂V
dP
= K(1 −G)gC (1 − e
−(µ−αp)T )
µ − αP ,
∂V
dC
= K(1 −G) (1 − e
−(µ−αc)T )
µ − αC .
Discussion on the gaps in Lima and Suslick (2006)
Lima and Suslick (2006) extended knowledge in the estimation of the volatility of mineral projects to
include operating costs. The main gap identified in the research is the inability of the model to capture
the unique relationships between the components that make up the operating costs of the mine, that
is, fixed and variable costs and their varying sensitivities to volatility. How much does a variable cost
element affect the volatility of a project? This is a question that the model did not distinguish. Fixed
cost has been a grey area that has not been properly accounted for in this body of knowledge as a result
of the complex classification of variable and fixed-cost components within the mining cost structures.
This complexity stems from the theory that all cost components that contribute to production are
largely variable. This definition complicates the application of operating costs to the estimation of
the volatility of mineral projects. It makes it difficult to track the sensitivities of the volatility to the
variable-cost and fixed-cost structures of the mine.
3.9.4 The volatility model of Brandao, Dyer, and Hahn (2012)
Brandao, Dyer, and Hahn (2012) opine that applying the Monte Carlo simulation method to the esti-
mation of the volatility of mineral projects developed by Copeland and Antikarov (2001) consolidates
all project uncertainties into one stochastic process for the project cash flows. This systematically
overstates the project volatility. This over-estimation is investigated by Brandao et al. (2012). The
research addresses the application of operating cost in the volatility estimation of projects ignored by
earlier researchers. Brandao et al. (2012):
1. Develop a project volatility model that addresses the bias in Copeland and Antikarov (2001)
using the Monte Carlo simulation method.
2. Apply the model to a mine project to compare the results to that of existing methods.
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These steps further explain the Brandao, Dyer, and Hahn (2012) project volatility model:
Step 1
A project with a single source of uncertainty S (t), revenue, is considered. Also the variable cost of the
project is expressed as, C(t) = cS (t), where C < 1. The project is then assumed to follow a geometric
Brownian motion (Brandao et al., 2012):
dS = αS dt + σS S dz,
Step 2
The project cash flow becomes F(t) = S (t)− cS (t) = (1− c)S (t) and (1-c) is defined as λ. The project
cash flow F(t) is estimated as:
dF = αFdt + σS Fdz,
where F = λS , which assumes the volatility of the underlying uncertainty in this S (t) and the volatility
of the cash flows are equal.
Step 3
The stochastic process of the project value is expressed:
dV = αVdt + σS Vdz.
This expression shows that the volatility of the underlying uncertainty is the same as that of the cash
flows and value of the project, mathematically expressed as σS = σV = σF .
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Step 4
Brandao et al. (2012) introduce fixed cost ω and the project cash flow becomes F = λS −ω, 0 < λ < 1,
and ω is a constant. With the introduction of fixed cost, the value of the project becomes:
V =
(FO + ω)(µ − α + eα)
µ − α −
ω
µ
− ω.
Step 5
If W = lnV is the process for the returns of the project, then:
dW =
αV∗V − 12σ2
(
V∗
V
)2 dt + σS (V∗V
)
dZ,
where V∗ = V + ω + ω
µ
accommodates the introduction of fixed cost in the model and its impact on
the project value and volatility.
Discussion on the gaps in Brandao, Dyer, and Hahn (2012)
In this research, the initial assumption that σS = σF = σV was proven not to be valid in all cases of
volatility estimation, C(t) = cS (t). This was well expressed in Davis (1998) where σV = σS , where
the volatility of the underlying asset was expressed as a factor of the project volatility. In practice, the
volatility of projects vary from that of commodity and cash flow in real cases, although they could
follow a trend. The Monte Carlo simulation method used introduces probabilities into the model,
which make it difficult for practitioners to adopt since it relies heavily on distributions.
3.10 Managing flexibility in project valuation
Until the introduction of real options, it was practically impossible to quantify the value, if any,
associated with how flexibility can improve managerial decision-making. The real options provides
considerable flexibility in the valuation process (Spence, 2002). Most mine managers still favour
continuation of mining until the orebody is depleted, without considering flexibility as best practice
(Shafiee and Abbate, 2012).
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Unlike the traditional methods of project valuation, the real options approach centres on the valu-
ation of managerial flexibility to answer questions concerning different scenarios with high levels of
uncertainty (Fernandes et al., 2011). The continuous usage of single (expected) discounting rates in
making strategic decisions for mineral projects, without considering the value of the stochastic nature
of variables, such as commodity prices, impairs the ability of a decision maker to justify additional
flexibility (Groeneveld et al., 2012).
In addition to valuation, an area that has received much criticism in the minerals industry lately
has been the way mines are designed and planned. This has been a result of the way flexibility is han-
dled (Groeneveld and Topal, 2011). How flexible are mine designs? How do they respond to future
risks posed by uncertainties? The absence of flexibility in valuation and mine planning has been ad-
dressed by researchers and practitioners alike. For example, the application of financial option theory
has helped in quantifying the explicit value of managerial flexibility (Haque et al., 2014), likening
the added value that managerial flexibility creates to an option premium (Davis, 1996). Yet gaps
still remain. Dube (2012) thinks otherwise in terms of the effect of managerial flexibility in project
valuation. He posits that “the overestimation or underestimation of a project value is as a result of
mathematical flaws in the discounted cash flow method and less due to managerial flexibility”. What
the research by Dube (2012) fails to capture is the definition of managerial flexibility used. Flexibility
in real options is defined as an evaluator’s ability to incorporate options during planning and exercise
those options in changing times. By acknowledging that asset valuation and asset management are
intertwined, real options valuation emphasises the modelling of flexibility and learning across the life
of a mineral project (Faiz, 2000).
ROA is a superior because it brings flexibility and strategic value into the valuation of mineral
resource investment even at in-country assessments, which has not been witnessed in earlier works
(Fan and Zhu, 2010). However, in its application, the assumption of a linear and straight-forward tax
rate (Samis et al., 2005) in project valuation has impacts on the reliability of the cash flow analysis
although it proves to simplify computations (Abdel Sabour and Dimitrakopoulos, 2011; Abdel Sabour
et al., 2008; Samis et al., 2007). With respect to taxes, path dependence and non-linearity of effective
tax rates has been recognised extensively in academia, but with a very slow take-up by industries and
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government (Samis et al., 2007).
To further advance the take-up of real options under mineral uncertainty, Elkington and Gould
(2012) propose the integration of real options with existing optimising models. Since uncertainties
cannot be eliminated but can only be minimised, it becomes imperative that the mining industry
will be more sustainable if projects are developed in a manner that increases flexibilities in order to
respond to uncertainties (Groeneveld and Topal, 2011).
3.11 Chapter summary
This chapter:
• thoroughly reviewed the concept of ROA method in existing literature.
• listed the various gaps identified in existing research notable among these gaps was the slow
up-take of ROA in various sectors.
• assessed the work of Davis (1998), Lima and Suslick (2006) and Brandao et al. (2012) to review
the estimation of the volatility of mineral projects. The volatility is an important parameter in
the pricing of options.
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Chapter 4
Methodology
Research is to see what everybody else has seen, and to think what nobody else has thought
Albert Szent-Gyorgyi
4.1 Introduction
This chapter:
• outlines the philosophy and strategy underpinning the research.
• develops an integrated tool, SRO, to evaluate mineral projects.
• discusses the methodology employed in the data collection and subsequent analysis.
4.2 Research philosophy and strategy
For this research, I adopted the mixed approach of quantitative and qualitative data collection as well
as analysis. I focused on identifying the reason why ROA has had a slow take-up. First, a simple
valuation tool was developed, then the tool was applied to a real mine case to generate quantitative
data on the added value that ROA offers mineral projects. This added value was then used as a basis to
conduct interviews with industry experts to generate qualitative data on why the real options method
has not been wholly adopted in the mineral industry. The research question was approached through a
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positivist world view; positivism research views reality through a one-way mirror where the researcher
is removed from the object or phenomenon under study, in other words, the reality is out there to be
discovered objectively (Healy and Perry, 2000). The reality pursued here is the disconnect between
industry practitioners and real options expertise. Prior research has attempted to solve the question of
low take-up from a solely quantitative perspective, without factoring in the opinions and knowledge
of the potential end users. This research attempts to bridge that gap by offering a mixed approach to
integrate the problem and, hence, to create a holistic solution that offers empirical evidence on why the
method has had a successful tenure in research but slower take-up among practitioners. The positivist
approach offers the ability in handling this challenge. The research follows a critical realist approach
in the collection and analysis of data. Easton (2010) defines a critical realist case study as one where
the research question attempts to solve a research problem, in terms of existing events, and asks what
causes them to happen; similarly, the first quantitative study was supposed to define the boundaries of
the research by presenting an existing event and using the qualitative studies to ask further question
on the existing event. In addressing research through a realist approach, the methodology must not be
seen as an avenue to make a choice among varying methods of data production and analysis, such as
research or survey (Sayer, 2010). The methodology for this research was chosen based on substantial
evidence that it was the most appropriate among other research methods and will offer the most
appropriate research design, especially in this case where the researcher’s impartiality is paramount.
The subsequent sections are divided into two main parts. The first section outlines the method used
in the quantitative studies. It discusses the method used in developing the valuation tool, SRO, which
will further be used to evaluate a mineral project. The second section describes the methodology used
in conducting the qualitative part of the research, particularly the interviews.
4.3 What is SRO?
The system real options (SRO) technique proposed in this research is an integrated system that en-
compasses real options, Monte Carlo simulations and geometallurgy to evaluate a mineral project.
Baumgartner (2012) defines geometallurgy as the process of integrating the geology, mine planning,
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metallurgy and economics of a project in decision making. Baumgartner (2012)argues that value in
the mineral project is not limited only to grade, throughput nor recovery but the collective interaction
of all these factors. The addition of real options takes this a step further by determining the value
under uncertainty and incorporating flexibility where possible.
Figure 4.1: Integrating value with geometallurgy. Source: (Baumgartner, 2012)
In developing SRO, I first reviewed the work of Cortazar and Casassus (1998) where the authors
outlined three authoritative areas that would encourage the adoption of real options among the practi-
tioner community:
1. A realistic modelling of uncertainties.
2. A careful modelling of the real asset to be valued.
3. A user-friendly computer program should be developed.
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These findings informed the concept of SRO as an improved project valuation tool. The SRO
first develops a framework using the principle of geometallurgy to integrate the uncertainties faced
in the markets, geology, mining and processing to obtain what is referred as the SRO Value, which
is the project value. This framework is then converted into an algorithm to enable it to be processed
computationally. With the help of Matlab, the algorithm is programmed into a model to enable the
value of projects to be estimated using the real options approach. The subsequent subsections de-
scribe model in detail. The main aim of the SRO technique developed is to stochastically conduct
an asset optimisation of existing projects by combining the four main pillars of geometallurgy under
uncertainty.
4.3.1 SRO framework
The SRO framework uses operational management options to significantly improve the overall strate-
gic value of a project. This framework provides a practical and easy to adopt approach to applying
ROA in the mineral industry. The schematic of the framework is presented in Figure 4.2.
Risk and uncertainties
Uncertainty and risk simply refers to the inability to accurately estimate the future value of our project.
A mineral project is affected by several uncertainties. In SRO, I divide these uncertainties into two
main types: market and private uncertainties.These are further broken down into four types of risks
that can impact the value of the project.
Economic risk. These risks emanate from the markets. They include risks associated with the com-
modity price, the difference in the foreign exchange rates between the trading currency and the op-
erating currency and the inflation rate of the host country. The risk often arises with the volatility of
these of these factors: commodity prices, currency exchange rates and inflation. Mining companies
are price takers, in other words, they do not decide the price at which they sell their commodities,
this is determined by external factors and companies have no choice other than to take what price is
given. Presently, the slow-down in China’s growth has affected the volatility of most minerals pro-
duced, making commodity prices a vital factor in project valuation, hence its inclusion in this model.
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Figure 4.2: The SRO framework
The recent quantitative easing pursued by the United States of America has also affected the value
of various currencies to the US dollar. Most commodities are sold on the international market in US
dollar however, companies often expend their production costs in the local currencies of their oper-
ating jurisdictions. This often presents a slight upside for companies when their operating currency
loses value to the US$. For example in Australia, between 2013 and 2016, the Australia dollar has
depreciated by 30% to the US dollar. A similar trend has occurred in commodity-intensive countries
such as South Africa, Chile and Canada. In 2015, one prominent CEO remarked that although mining
companies benefit from the windfall that currency depreciation presents, it is often normalised in a
year or two as a result of inflation. Inflation, in general terms, is the increase in a country’s price of
goods and services over a period. In essence, the cost of services provided on the mine are affected
by inflation, hence its inclusion in this framework.
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Geological risk. Exploration is often the first stage in determining the economic feasibility of a con-
cession. Leading experts allude to the fact that during exploration only 0.1% or less of the orebody is
intercepted and its properties recorded. This 0.1%, in most instances, provides us with the model to
make an investment decision. Often, this model is constrained by geologists’ faults and field errors.
These shortcomings collectively result in errors in the models produced. As George Box suggest, “All
models are wrong but some are useful” (Jensen, 2002). Geological risk has become a prime source of
uncertainty as mineral projects extend to cover more greenfields and deeper orebodies. The general
approach in managing geological uncertainties includes investing efforts in extracting quality data.
How the data is handled can also contribute significantly to the quality of the model produced. In
addition, local knowledge of the existing or potential faults, stress of rocks, mass characteristics and
seismic characteristics of rocks could offer deeper insights and enhance the output geological model.
Mining risk. In mining, the predominant risks associated are cut-off grade estimation and ore di-
lution. Both activities diminish the value of ore produced for processing. These risks often become
pronounced in areas where the ore deposit is a thin vein and has an irregular pattern making the extrac-
tion process complicated. In estimating the production output of a mine, some practitioners include a
dilution factor to account for its impact. SRO, in contrast, incorporates the risk during modelling of
the uncertainty.
Recovery risk. The recovery phase is the final technical process in the value chain. It is an energy-
intensive phase where the ore of interest is separated from the gangue using physical, chemical and
biological techniques. One of the main risks faced in this phase is dilution of the ore, which affects
the quality of the commodity output and also increases the cost of beneficiation significantly. These
instances make recovery risk a prime variable in SRO.
Operational parameters
SRO focuses on the three main aspects of production: the geology, mining and processing. It assesses
the economic potential of each of these parameters individually but continuously as a system to opti-
mise value. Table 4.1 outlines a summary of the action and output of SRO with respect to the three
main production parameters.
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Table 4.1: Operational parameters and their impact on SRO
Parameters Action Output
Geology Review of grade determination Re-block of ore/waste
Mining Reclassification of ore/waste Time and market uncertainties
Processing Review plant constraints and calibration Throughput and grade optimisation
For the geology, SRO focuses on the grade determination of the deposit. It attempts to link the
grade to the price uncertainties of the underlying commodity to produce a variable ore/waste block
model. For the mining, SRO enhances the material classification, that is, the ore and waste. It in-
troduces a time function to incorporate the extraction rate in the mine planning process. For the
processing, SRO focuses on the plant constraints to optimise the mill grade and throughput stochas-
tically. Figure 4.3 shows how time and economic uncertainties can integrate to produce a stochastic
system to optimise value.
Figure 4.3: Impact of time and value on geometallurgy. Source: (Baumgartner, 2012)
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The model
In developing the framework for SRO, I formulate the value of the project in order to be able to
optimise project value under the identified constraints. A project with finite reserve is first denoted as
V with four state-space variables. In Evatt et al. (2010), the four state variables considered are: the
price P of the underlying commodity, the quantity of the reserve R, the resource grade G and time t.
From this the value of the mine is V = V(P,R,G, t). Evatt et al. (2010) further state that the rate of
extraction for the ore is represented as dR = −ρdt, subject to all the physical constraints described in
the previous section. The price uncertainty is first modelled to follow a geometric Brownian motion
shown in Equation 4.1.
dP = αPPdt + σPPdZP, (4.1)
where dZP is the independent increments of the Weiner process, dZP = εPt
√
dt and εPt are normally
distributed random variables with a mean of 0 and standard deviation of 1: αP, represents the drift
parameter, and σP, represents the variance or volatility parameter.
The incremental change for V using Itoˆ’s Lemma according to Evatt et al. (2010) becomes:
dV = σP
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where the variables (dt)2 and (dQ)2 become negligible hence eliminated. Also, dR is substituted with
ρ hence Equation 4.2 becomes:
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The value of the option, F, depends on the price, P, and cost of investment in the option, C.
Generally, the option will be held when the output price is low or the exercise price is higher and the
option to be exercised when the output price is high for a given exercise price (Dixit and Pindyck,
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1994). A mineral company can earn a return and hedge its risk on its capital at margins higher than
the risk-free rate and risk premium by taking a long position on its investment in a project and a short
position on the commodity futures contracts (Haque et al., 2014). For a mineral project, I assume a
portfolio consisting of a unit of the option under consideration, δG units short in output and δP units
short in capital and long on owning the mine (Dixit and Pindyck, 1994). To hold a short option on
the investment, the investor must make a payment equivalent to the output as well as the capital,
(δPdP − δGdC), where F = V − δPP − δGC. The value of the option becomes:
dF = dV − δPdP − δGdC. (4.4)
In a risk-neutral valuation, the value of the underlying asset is equal to the value of the option
discounted at the risk-free rate at period t. Hence, the value of the project in a risk-free portfolio,
dV = rFdt. Therefore, the value of the option is expressed as:
dF = rFdt − δPdP − δGdC. (4.5)
Using approximation, δP and δG becomes:
δP =
∂V
∂P
− ∂V
∂G
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Now substituting Equations 4.1, 4.3 and 4.4 into 4.5 to get:
1
2
σ2PP
2∂
2V
∂P2
+
1
2
ρGσ2G
∂2V
∂G2
+
∂V
∂t
− ρ∂V
∂R
+ αP
∂V
∂P
+ ρ
∂V
∂G
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where r is the risk free rate.
Subject to the boundary conditions:
V(P, 0,G, t) = 0 when the resources are exhausted the mine has no value.
V(P,R,G,T ) = 0 when the mine reaches its maturity T, the value of the mine becomes zero.
∂2V
∂P2
(0,R) = 0 and
∂2V
∂P2
(∞,R) = 0 for the price of the underlying commodity. The project has no
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value when the underlying commodity is zero or infinity.
4.3.2 SRO algorithm
The methodology used for SRO relies on Dixit and Pindyck (1994) to develop the real option frame-
work and Monte Carlo simulations to model and generate the path of the various uncertainties and
cash flows. As shown in Figure 4.4, the SRO modelling process is divided in three distinct phases:
the user input phase, the modelling phase and the output phase. A control financial model was also
created in Microsoft Excel to deterministically estimate the NPV of projects using the DCF method.
This control model was developed outside the SRO framework.
Figure 4.4: The SRO algorithm
In the first phase, the required data are extracted from various sources. These often include histor-
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ical commodity prices, production estimates, the grade of the deposit, recovery and all other primary
and secondary data. In second phase, the date are processed based on the various models incorporated
in the system ranging from the price models to the grade models. It then runs the ROA with the input
data as well as the Monte Carlo process to simulate some key variables. In the final phase, the results
are presented in various output forms such as graphs and distributions.
User inputs
The main variables considered for the tool are: revenue, cost, period, market prices and production
and recovery inputs, such as grade and throughput. The input data in their raw form are illustrated in
Figure 4.5. They are extracted from Microsoft Excel into Matlab for further processing.
Figure 4.5: Input data for model
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Modeling process
The primary data collected are then processed at this stage to model and estimate the various expected
values. Each of the input variables is initially modelled independently, based on its characteristics.
In section, I discuss only the price modelling. The other variables were modelled with help from the
Matlab team by relying on their inherent best-fit models.
The price of the underlying commodity was modelled as a stochastic process that follows geomet-
ric Brownian motion. The geometric Brownian motion was chosen as a result of the research’s main
focus on precious metals, particularly gold and silver, since they are non-reverting. The commodity
price therefore becomes:
dP = αPPdt + σPPdZP,
According to Samis and Davis (2011), the three main reasons the price modelled differs from the
actual are:
• They do not incorporate seasonality (this is discussed in the subsequent chapter).
• They do not have stochastic long-term equilibrium price.
• The volatility could be stochastic.
Samis and Davis (2011) further suggest that a two-factor model could help bridge this gap between
the actual and the modelled forward prices.
The price path is simulated using the Monte Carlo approach. This generates several paths, each
made up of randomly generated outcomes bearing the characteristics of the geometric Brownian mo-
tion. This is illustrated in Figure 4.6 where the historical price of gold is shown from 1990 to 2015
and the price paths from 2015 to 2025 are simulated using the Monte Carlo approach. A price path is
singled out in Figure 4.7.
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Figure 4.6: Input data for model
User output
The three major output displays are: the price and other market path uncertainty shown in Figure 4.6,
the cash flow distribution for the life of mine and, finally, the value of the project.
4.3.3 SRO model
Based on Lane et al. (2013), the stochastic processes of the input variables were modelled based
on the nature of their uncertainties, level of confidence and variability. SRO’s novelty focused on
modelling the price uncertainty and integrating it with operational parameters to identify opportunities
in the project. The other input variables were modelled using Matlab’s in-built best-of-fit models with
support from the Matlab team. The distribution for the input parameters in Figure 4.9 can be modelled
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Figure 4.7: Historical and simulated price for path 25
using three approaches:
• historical performance (production, activity costs, plant downtime)
• variability in data (grade, recoveries)
• expert forecast (project capital).
4.3.4 Optimising with SRO
The main purpose of mine optimisation is to re-orient mining companies from production maximi-
sation to profit maximisation. This is the principle the SRO framework uses in its valuation process.
It first distinguishes all the major uncertainties of a mine into market (commodity price and foreign
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Figure 4.8: Final project value. Source: Matlab
exchange) and technical (geology, mining and processing). These uncertainties are then modelled and
discounted at their source using the real options approach. Operational flexibility is then introduced
into the valuation through the consideration of management options. This provides management with
a host of strategic plans to be evaluated, ranked and selected based on the optimal value presented.
4.4 Interviews
The research engaged key informants to identify the reasons why ROA has witnessed a slow take-up
in the mineral industry. This section discusses the methodology employed in the interview process.
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Figure 4.9: The SRO model. Modified after: (Lane et al., 2013)
4.4.1 Case study
The multiple case system was adopted as the research enquiry due to the nature of the research ques-
tion, that is, the why and how question (Yin, 2015). The case study method was the preferred method
for this research because according to Eisenhardt (1989):
• It strengthens grounding of theory by triangulation of evidence.
• It synergises the view of evidence.
• It speeds up analyses and reveals helpful adjustments to data collection.
• It forces investigators to look beyond initial impressions and see evidence through multiple
lenses.
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This project also used a method that deals with the real issues where relevant information cannot
be manipulated since the investigator has little control of event Yin, 2013; Ketchen et al., 2006.
4.4.2 Data collection
The empirical data were collected by interviewing leading experts in the mineral industry. The inter-
viewees were selected according to the following criteria:
• the individual’s exposure to real options
• the individuals’s association to the mineral industry directly or indirectly
• the individual’s experience in attempting to implement ROA in a mining company.
The primary data collection was a semi-structured open-ended interview. According to Turner
(2010), open-ended questions allow informants to contribute as much detailed information as they
desire; they also allow the researcher to ask further questions as a means of follow-up and reduces
biases. Additional follow-up questions further reduce bias and enrich the validity of the research. It
must also be noted that, the research is based on purposive sampling and not convenience sampling.
4.4.3 Target group
The key target informants considered for this research were the senior management of mining com-
panies above the vice president level. This selection criterion follows the same one recommended
by Coviello and Jones (2004) as the key informants at the firm level. Marshall (1996) supports this
assertion by adding that key informants have a good understanding and an in-depth understanding of
their organisation. This is supported by Yin, 2013, 2015 who articulated that this logic of selecting
informants for interview is to avoid an unwanted degree of bias, unlike convenience sampling.
4.4.4 Interview questions
Generally, the semi-structured interview was meant to provide the scope for the interview but offered
participants the opportunity to discuss and share their insights based on their interpretation of the
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questions. To encourage uniformity, the following set of questions provided the foundation for all the
interviews:
• Do you have any experiences with the implementation of the DCF or ROA in the mineral
industry?
• As a leading expert, what have been the major bottlenecks you have encountered in the imple-
mentation of real options?
• Is the low adoption the fault of the industry or that of the method (real options) or the experts?
• Why has the take-up of real options been relatively slower in the mineral industry compared to
other sectors such as pharmaceutical, airline and oil and gas?
• How can the adoption of ROA in the mineral industry be improved?
4.4.5 Sample size
A total of 14 respondents were interviewed for the research with exposure to real options imple-
mentation in the mineral industry. Two focus groups in two separate mining companies were also
interviewed to identify the departmental challenges they encountered while experimenting with the
application of real options to mineral projects. In selecting the size of the sample, the judgement
sampling technique was used. According to Marshall (1996), this sampling technique allows the re-
searcher to actively select the most productive sample to answer the research question. Although this
limits the number of respondents for the studies, the quality of their results and the findings are easily
aggregated and extrapolated to reflect a larger sample group.
4.4.6 Sample recruitment
All participants for this research were recruited through the University of Queensland database. An
introductory email was first sent to the potential participant either through my supervisor or by me. A
template of the email reads, “Dear Sir or Madam, Kwasi Ampofo is a PhD student at the Sustainable
Minerals Institute. Kwasi is currently investigating why the Real Options Analysis method is not
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adopted in the mineral industry. He is seeking to interview industry leaders to find out what their
opinions are on the subject. We will be glad if you could grant Kwasi your audience for this all
important exercise to strengthen the quality of his thesis. Best Regards” . Based on the feedback,
an interview was arranged: ether a phone interview or an interview in person at the premises of The
University of Queensland.
4.4.7 Data analysis
The methodology used for this research ensured that the study focused on developing, applying and
identifying the “big picture” through the quantitative and qualitative data collected. Deviating from
the traditional analysis of qualitative data, where a grading system is employed, this study focused on
a fact-finding exercise using an interpretative approach. The interpretative framework was developed
on:
• the concept
• the theme
• the context.
The feedback from participants was first collated into a conceptual framework, where all the points
raised were pooled. A thematic analysis was then conducted to identify the major themes in the
results. These major themes were then aligned in context with the aims and objectives of this research
to develop salient conclusions on the research subject.
4.4.8 Validity and reliability
According to Golafshani (2003), validity determines whether the research truly measures that which
it was intended to measure or how truthful the research results are. In other words, does the research
instrument allow you to answer the research question? A major approach used in validating the
data was a debriefing process where interviewees were run through a summary of their responses to
ensure their perspectives on the subject were fully captured. In addition, all interview questions were
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standardised as much as possible to ensure the uniformity of the feedback and to enable parallels to
be drawn and assessed.
4.4.9 Ethics
The data collection process underwent a formal UQ Ethics clearance process for research involving
human participants. This process ensured that all ethical considerations were deliberated upon and
mitigation measures put in place before the data collection process. The process addressed such as
participants confidentiality, the sample recruitment approach, data collection, data retention and stor-
age, data analysis and processing and how the data will be reported. The ethics clearance procedure
ensures the integrity of the data collection process and at the same time ensures that participants rights
and freedoms are fully guaranteed. The UQ Ethics approval number for this thesis is 16-005
4.5 Chapter 4 summary
This chapter:
• espoused the thesis data collection philosophy and strategy. The mixed method approach from
a positivist lens was the philosophical leaning the thesis adopted.
• presented the theoretical framework used in developing SRO, the valuation tool developed using
ROA. The algorithms, framework and work flow of SRO was discussed.
• discussed the methodology used in conducting the research interviews. The choice of the case
study approach was justified. The reason for the selected target groups and the interview ques-
tions were also discussed.
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Chapter 5
Evaluating a gold mining project using SRO
If I had asked people what they wanted, they would have said faster horses
Henry Ford
5.1 Introduction
This chapter:
• applies SRO to a gold mine case study to identify additional information generated in the ap-
plication of ROA.
• statistically compares results from SRO and DCF to the actual data recorded historically using
the root mean square to test the correlation.
• summarises the additional insights generated by ROA.
5.2 Background of case study
Out of 19 technical reports published by advanced producers, which were reviewed by the Ontario
Securities Commission in 2012, 37% did not adequately disclose their economic analysis informa-
tion per the recommendations of the NI 43-101, the national instrument that governs the standards
for disclosure of minerals projects within Canada (OSC, 2013). Chief among the various omissions
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was the absence of appropriate sensitivity analyses and their impact on the economic outcome of the
reported projects. The enforcement of detailed risk analyses has become imperative due to the contin-
ual increase in project volatilities. Although DCF has evolved to include various sensitivity analysis
over the years, it has not been able to adequately account for the industry’s risks and uncertainties
resulting in poor management strategies witnessed in the last decade. To address these challenges, the
real options valuation method has been introduced as a complement to the traditional DCF method.
Despite its enormous abilities to account for risks and uncertainties, the take-up of ROA by industry
has been slow. Two major limitations identified by this study are: the absence of a simplified val-
uation tool based on real options and the lack of practical application of real options to real mining
projects. An independent technical report of a gold mining project, Adinkra Mine, initially valued
using the DCF method in 2004, was re-evaluated with the real options tool. The initial DCF method
valued the project at $493 million however SRO recorded a $528 million mean project value with a
62% probability of the project returning a higher value than the DCF value. The results of the DCF
and real options valuations were statistically compared with the actual market and project data from
2004 to 2015. The results indicate a higher correlation between the actual market and project data
recorded between 2004 and 2015 to the results recorded using the ROA method, making it a preferred
alternative for future valuations of the Adinkra Mine.
5.3 Review of method and case study
With the exception of Entre´ Gold Inc.’s and Ivanhoe’s technical reports released in 2010 on the Oyu
Tolgoi project (Samis et al., 2012) and PanAust’s feasibility study of their Frieda River project re-
leased in May 2016, where the ROA valuation technique was considered, all other technical reports
and feasibility studies relied solely on the DCF to determine the economic potential of their projects,
to the best of my knowledge. The inability of the DCF to adequately capture project risks and uncer-
tainties has become a focus for mineral projects in recent times. The traditional approaches to esti-
mating project value are easy to apply but are often built on faulty assumptions (Dixit and Pindyck,
2001), such as the discount rate estimation. Increasingly, researchers have highlighted the need for
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much-improved valuation techniques (Cortazar and Casassus, 1998; Dube, 2012; Fernandes et al.,
2011), since current mineral projects are becoming riskier (Botin et al., 2012), with increased cases
of declining ore grades and high volatility in commodity prices. Bhappu and Guzman (1995) at-
tribute the failure of these traditional valuation methods to their lack of ability to capture flexibility
in management decision-making (Trigeorgis and Brennan, 2000; Abdel Sabour and Dimitrakopoulos,
2011). Managing uncertainties through risk management has become a fundamental requirement for
effective valuations. The real options valuation technique has proven to be an improved approach in
evaluating the value of a project that effectively accounts for risks and manages uncertainties. One
distinct feature of the real options approach is its ability to discount for the time value of money using
the risk-free rate and also managing risk at the source of the uncertainty, whereas the DCF method
accounts for aggregated risk by simply discounting the cash flows (Samis et al. 2005; Blais et al.
2007; Schwartz and Cortazar 1998). In other words, ROA adjusts for risk is through probabilities
rather than discounting at a blanket risk premium (Faiz, 2000). Groeneveld and Topal (2011) suggest
that risk in the mining industry cannot be eliminated but can only be minimised. In spite of these
proven advantages, the adoption of ROA in the mineral industry has been slower compared to the
traditional DCF. The initial hypothesis argued in this research is that the slow adoption of the real
options valuation technique by mining companies and independent evaluators is largely attributed to
the complex nature of the output results produced by ROA. Also, its disconnect with operational chal-
lenges such as cut-off grade estimation, mine scheduling and optimisation, encountered by industry
has contributed to the apathy. Finally, the non-standardised nature of real options models makes them
a less favoured alternative to the more simplified DCF. The DCF’s simplicity and standardisation
makes it easy to interpret and audit among technical experts, financiers, shareholders and regulators.
All of these culminates in the poor take-up of real options by project evaluators in determining the
viability of mineral projects.
The last five years has witnessed an increase in the awareness of real options as a complement to
existing traditional techniques. For example, the Australasian Institute of Mining and Metallurgy’s
(AusIMM) guidelines for technical economic valuation of minerals industry projects suggested the
real options valuation approach as an additional analytic tool for incorporating risks in project valua-
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tion decisions (White and Dunlop, 2012). This represents a significant feat in the adoption of ROA in
economic viability decision-making for mineral projects. It is expected that the increase in the risks,
uncertainties and volatility of the industry will further drive this awareness. In spite of all awareness,
the real options approach still faces relatively less interest from the industry.
This chapter analyses an independent technical report on a gold mining project, Adinkra Mine,
published in 2004. In the report, the mine was evaluated using the DCF method. Also, basic sensitivity
analyses were conducted to assess the risk profile of the project. This paper relies on the data in the
report to re-evaluate the mine using a computationally transparent real options model in combination
with Monte Carlo simulations and statistical distribution analysis to assess the value of the project
from a broader risk perspective. All market and technical data used for the real options valuation
were prior to June 2004 and applied in retrospect. The first part of the real options valuation, the base
case, assumes the absence of operational flexibility throughout the life of mine, whereas the second
part introduces an operational flexibility based on the concept of SRO. This assumption ensured a
realistic comparison to the DCF approach to recommend the most suitable valuation technique for
future reports commissioned by Adinkra Mine. A detailed report on both outcomes is outlined. The
subsequent section presents a statistical analysis of the variations between the estimated results and
the actual economic and technical data observed between the years 2004 and 2015.
Mining at Adinkra Mine is by open-pit extraction. Operations were expanded after August 2000
with the acquisition of an adjacent mine, increasing the total mining rate from 15.3 million tonnes per
annum (Mtpa) to 36 Mtpa and processing capacity from 7.2 Mtpa to 12.6 Mtpa. Until 2004 mining
was carried out by a contractor. Following feasibility studies, the mine is now on an owner-operated
basis and processing utilises a conventional carbon-in-leach (CIL) with 4.2 Mtpa capacity. Production
is from a series of surface pits exploiting narrow auriferous conglomerates with a total output in the
2004 financial year of 16 million tonnes (Mt) of ore and gold production of 550,000 ounces. The
orebody comprises a series of sedimentary Banket quartz reef units. There is also the potential for
future underground production or further expansion to acquire another adjacent mine. Adinkra has an
initial life of mine of 25 years.
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5.4 DCF valuation of Adinkra Mine
At Adinkra Mine, DCF was under the following circumstances:
• DCF in mine planning to evaluate economic options and adopt the appropriate mine planning
option.
• DCF in investment decisions as part of technical, financial and legal due diligence of targeted
mine projects for equity investment or acquisition.
• DCF in other non-mining related projects such as building offices of roads.
In applying the DCF technique in the valuation, an annual US consumer price index of 2% per annum
and a real-term gold price of $400 per ounce were incorporated into the valuation process. Also, a
discount rate of 7.46% was assumed for all the assets to provide a base case for sensitivity analysis.
The final report using the DCF method on July 1, 2004, included the mineral reserves of the project
only. Also, the project assigned no salvage value for plant and equipment upon the closure of the
mine. The project is un-hedged; therefore it has no forward sales agreement.
The results of the valuation are presented in subsequent subsections with further analysis and de-
tails. The valuation focuses on the cash flow of the project, the NPV, extraction process, metallurgical
processing, the gold price and US CPI forecasts and operating and capital expenditures.
5.4.1 Cash flow
The cash flow of the project is made up of four major components: the sales(revenue), operating and
capital expenditures and taxes. The relatively stable nature of the sales and operating costs brings
back the question of how risks and uncertainties are accounted for in the DCF method. This outcome
is optimistic since there is a high expectation for spikes from unforeseen shocks in the markets and
production. Also, as the project draws to its close, cost significantly decreases along with the sales
recorded from the output commodity; this significantly reduces the project’s capital investments. The
absence of anticipated risks and uncertainties presents a challenge as to whether the real value of the
project is being exploited or not.
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Figure 5.1: The figure shows the four independent components of the project’s cash flow. These are
the sales, operating expenditure, capital expenditure and taxes. From the figure, it is evident that the
project records a positive net value each year. Also, the sales and operating costs were relatively
stable over the life of mine.
5.4.2 Net present value
The project assumed a base discount rate of 7.46% to derive the NPV of the nominal cash flow of
$492.5 million. The following sensitivities were conducted on the discount rate.
The sensitivity analysis conducted in Table 5.1 reveals the economic outcome of the project should
the risk profile of the project increase or decrease. In all the outcomes, the project returns a positive
cash flow signifying a highly viable project. This approach assume that all other variables such as
grade and commodity price uncertainties, are constant as the discount rate varies. The absence of a
stochastic risk analysis exposes the project to future uncertainties if the project volatility increases
beyond the discount rates considered. In theory, this makes the real options a preferred complemen-
94
Table 5.1: In managing uncertainties and risks associated with the valuation of mineral projects,
sensitivity analyses are conducted on the outcomes of the cash flow. In this table, the base discount
rate 7.46% is flexed between 0.00% to 25% to determine the results of the net present value should
the risk exposure of the project increase or decrease. It must be noted that in all instances the project
returned a positive economic value. This indicates a project with strong economic potential.
Discount Rate (%) NPV (US$)
0.00% 945.6m
5.00% 592.9m
7.46% 492.5m
10.00% 417.0m
12.00% 371.4m
14.85% 321.1m
18.00% 279.4m
20.00% 258.2m
25.00% 217.6m
tary approach in assessing projects with identifiable risk exposures to further understand the project’s
risk profile and strategically plan the project to capitalise on flexibilities and opportunities identified
during the valuation. The real options approach is not an NPV optimiser, in other words, it is not
only considered when companies simply want to increase their project value. Not all projects have
options and not all options have value. In this section, it is evident that the DCF method fails to take
advantage of the project’s potential risk exposures in the strategic planning process. In effect, the
sensitivity analysis used in the DCF method is a reactive tool rather than a strategic one.
From the NPV profile in Figure 5.2, it is observed the investors are willing to reduce the risk of
the project by focusing on maximising the value of the project during the early years. All investors
are risk averse; hence, they value a dollar in hand today more than a dollar tomorrow. For instance,
the project returns a discounted value of $44.25 million over the first years, comparing this to the $4.4
million discounted return value over the last five years, it is evident that the investors are willing to
maximise the time value of money. Also, in high-risk areas it has become imperative to maximise
project value at the shortest reasonable time to offset project cost and capital investment to safeguard
the interest of investors. The rapid growth witnessed in the initial years of the project reveals such a
scenario. The decline in value could also be attributed to the declining grades, increased depth of pits
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Figure 5.2: This figure shows the discounted annual cash flows of the project spanning the life of the
mine. It also includes a cumulative increase in the project value as the project period increases.The
growth witnessed in this figure shows a steady increase in the project’s value revealing an economi-
cally stable project. In 2005, for instance, the project returned a value of $72.35 million. Cumulatively
the discounted NPV of the project as seen on the cumulative NPV axis is $492.5 million, strong indi-
cation of a project with high returns for investors.
and higher cost of operations. Also, since the project is an operating mine, the initial years considered
in this study could actually be the peak period of the project’s life and therefore might not accurately
reflect the risk-averse nature of its investors.
5.4.3 Mining
The mine extracts its resources through an owner mining arrangement implemented at the inception
of this report. The mine extracts materials from seven distinctive pits. The tonnes mined per annum
for the mine is shown in Figure 5.3. The mineable areas of the pits are defined through the mine
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planning process and constantly updated based on feedback from grade control and analysis.
Figure 5.3: The figure shows the mining profile of the project. It displays the amount of ore extracted
from the pits for each year, in other words, the run of mine (RoM). These are distributed between the
plant and stockpile for processing or storage respectively. Also, the contained gold for each year’s
RoM tonnage is presented. As the tonnage of the mine increases, the contained gold increases and
vice versa.
The zero tonnage recorded in the last three years (2026 - 2028) reveals the sole reliance on the
mine’s stockpile for processing. According to the project plan, the mine will stop extracting in the last
three years and process the stockpiled ore for recoveries. This emphasises the deterministic nature of
the DCF method in project valuation.
5.4.4 Processing
The mine employs a host of networked processing facilities to improve the quality of recoveries. This
enables the operations to target both low and high-grade orebodies, which optimises the recovery
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process. In Figure 5.4 the significant increase in materials processed in the initial years of production
Figure 5.4: The figure presents the total recoveries of the mine. The flat output from 2012 to 2025 is
a result of extraction or processing constraints. Also, the fluctuation of the gold recovery during the
same period is attributed to the change in grade and technology. Although the mining graph had an
empty output between 2025 and 2028, the mill was still actively processing ore. This re-affirms the
earlier assumption that the stockpiles were processed after extraction was completed in 2025.
is interpreted as the introduction of a new technology. This increased the gold recovered. Also, the
processed output rose sharply and dropped to a flat rate for the larger period of the mine’s life but
with a varied gold production in those years. This is attributed to an output constraint within the
extraction process, probably deeper pits or lower grades. The processing or extraction capacity might
have peaked, hence the constant output. However, the gold recovered fluctuates due to the grade of
material contained in the throughput. The application of new technologies in recovery could also
improve recoveries while throughput stays constant. Using the SRO tool can concurrently optimise
throughput and grade ratio maximising the value of the project.
98
5.4.5 Gold price and US dollar CPI
Commodity price uncertainty is the most significant risk faced by mining companies. The revenue is
mainly determined by the value of the output metal. Gold is a volatile metal with frequent fluctuations
in prices. According to the technical report, between January 1, 2002, and June 30, 2004, the gold
price fluctuated between US$307 and US$415. Also, the report relied on an increased CPI of 2% per
annum across the life of mine. The gold price forecast used in the DCF was a conservative estimate
with a very slow rate of increase in prices across the life of mine.
Figure 5.5: The figure presents the forecast of the annual average gold price over the 25-year life
of mine. The path shows a stable and consistent increase in gold price, best described as a linear
process. A further analysis of the data reveals a consistent year-on-year growth rate of 2% for gold
price. Also, the average gold price over the life of mine is $518. This is a conservative estimate that
does not capture the risk posed by commodity prices. In reality, the average annualised volatility of
gold prices could be as high as 20%.
Modeling experts posit that the price of gold follows a geometric Brownian motion. This makes an
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upward-looking model pegged at a constant growth rate of 2% per annum an inaccurate estimation of
the behaviour of gold price, hence significantly undervaluing the value potential of the project. This
approach suggests that the DCF takes an optimistic perspective during valuation and a pessimistic
approach when discounting for risk and uncertainties.
Figure 5.6: The CPI is pegged at 2% for the life of mine, which is used in determining the growth
path of the commodity price and other price metrics utilised in the valuation process.
5.4.6 Operating expenditures
The operating costs are the cost components related to the day-to-day running of the mine. These are
divided into fixed costs and variable costs based on their contribution to the production output of the
mine. However, this analysis focuses on a different classification. The expenditures are demarcated
across the major spending units (mining, processing and mine overheads). An ethical responsibility
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of prioritising the environment also places the environmental expenditure as an independent com-
ponent. This action enables management to track the mine’s contribution to the stewardship of the
environment in which they operate.
Figure 5.7: The graph outlines the operational expenditure of the mine across its operational life. This
is separated into four independent cost components: mining, processing, overheads and environment.
These components cumulatively provide the annual expenditure of the mine in order to keep its ac-
tivities running. The last three years (2025 to 2028) features no mining costs. This is attributed to the
completion of mining activities in 2025 to give way for the processing of all stockpile on the mine.
The independence of the environmental component is a worthy initiative that allows management to
have a snapshot of the mine’s environmental expenditure.
From Figure 5.7, it is observed that for each year either the mining cost or processing cost incurs
the highest cost of operations. This high cost is mainly as a result of fuel costs which fluctuate
according to the world crude price. The largest expenditure in the processing unit is the cost of
energy to power the plant, which is also affected directly by the host country’s tariff regime. The
overheads are mostly a product of the administration and labour costs. Since the world price of crude
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oil and the energy tariffs significantly affect the operating cost estimation of the mine, it is salient that
risks and uncertainties are adequately captured in their estimations.
5.4.7 Capital expenditures
The separation of the sustaining capital from the project capital is significant in analysing the project
profile.
Figure 5.8: The figure represents the capital expenses made over the course of the mine life. These
are divided between the project capital and the sustaining capital. In the early years of the project, it
is observed that project investment is made to ramp up production and recovery. After ramping up
production and recovery into the first decade, the majority of the capex is now allocated to sustaining
the production and recovery as observed in the chart. This distinction helps understand the project
phases and needed investments.
5.5 Method
The previous section discussed the valuation of the Adinkra Mine using the DCF method. This sec-
tion outlines the methodology and models employed in evaluating the project using the real options
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approach coupled with Monte Carlo simulation and statistical distributions. With the help of Matlab
tools, these analyses collectively provide a robust output tool for evaluating the project. The method-
ology employed for this valuation comprises:
• a risk-adjusted distribution of gold prices for each year of production obtained through simula-
tions
• a distribution of risk-adjusted project cash flows across the life of mine
• a project value distribution analysis of the project
• a risk assessment based on distributions of the economic outcomes
These outcomes were achieved through the application of 100, 000 simulations of gold prices,
cash flow and present value. In addition, I assumed a risk-free rate of 2% to discount for the time
value of money and a geometric Brownian motion for gold price. A value at risk at 5% was also
considered to quantify the risk exposure of the project throughout the life of mine. The market risk of
the project was estimated as 30% as well as the beta between the market and the project at 10% with
the volatility of the project being 25% and a life of mine of 25years.
The price of gold was first assumed to follow a geometric Brownian process. This is represented
as:
dP = αPPdt + σPPdZP, (5.1)
where dZP is the independent increment of the Weiner process, dZP = εPt
√
dt; εPt is a normally
distributed random variable with a mean of 0 and standard deviation of 1: αP represents the drift
parameter and σP represents the variance parameter.
Using this model, the gold prices for the 25-year period were simulated using historical data
from 1990 to 2004. The simulation is based on the assumption that gold prices follow a geometric
Brownian motion. This model was used to simulate the gold prices along 25 independent paths. The
first output was the historical gold prices, and then the simulated prices of gold for the life of mine.
Finally, a distribution of the 25-year gold price per annum was plotted with the mean gold price for
each year recorded.
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One advantage of the real options valuation technique over the DCF is its ability to manage un-
certainty at its source and discount risk for the time value of money under a risk-neutral assumption.
The present value of the cash flow according to Samis and Davis (2011) is estimated as:
PresentValue =
[
(Rad j − Opex) −Capex
]
dr, (5.2)
where: Rad j = Risk adjusted revenue discounted at the source of risk and dr is the time-adjusted and
residual risk.
Therefore the Real Options Value (ROV) of a project when there is no flexibility is estimated as:
Pro ject − value =
t=0∑
T
(
Rad j −Ct) e−(1+dr)t. (5.3)
5.6 Evaluating Adinkra Mine using SRO under a no flexibility
condition
One key difference between the DCF and real options is that the DCF method assumes the mine
life as a variable whereas the real options method assumes the life of mine as a function (Shafiee,
2010). Brennan and Schwartz (1985) first applied the concept of real options to the mineral industry.
They suggested that the valuation of mining and other natural resources projects is a challenge due
to uncertainness attached to the output of prices. The dynamic arbitrage theory was explored in their
research to determine optimal plans for the developing, managing and abandoning mineral projects
(Brennan and Schwartz, 1985). Since then, the application of real options in the mineral industry has
varied from the geological characterisation to commodity marketing.
This section re-evaluates Adinkra Mine using the SRO tool to manage the risks associated with
the project at its source under the assumption of no flexibility. In re-evaluating the Adinkra project,
a risk adjustment was applied to the primary source of the project’s uncertainty based on the model
developed in the previous section.
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5.6.1 Commodity price modelling
The historical gold prices from January 1990 to June 2004 were used to run 100,000 simulations for
the future gold price using the geometric Brownian motion. This simulated a 25-year price path for
gold.
Figure 5.9: This graph plots the historical price of gold from the year 1990 to 2004. These 24-year
historical prices provide a robust background for the subsequent simulation for the next 25 years.
In practice, the price of gold had fallen significantly in the last decade of the 20th century. Chief
among the causes of gold’s volatility in that period are the Gulf War of the early 1990s and the
Asian market crash. The worst declines were recorded between 1998 and 2000 where many mid-cap
projects had to be shelved, with major players taking a hard hit. It saw the consolidation of assets and
the restructuring of several corporations.
A historical plot of gold prices from 1990 to 2004 is presented in Figure 5.9 to provide the histor-
ical data for the model. As described earlier, gold price was assumed to follow a geometric Brownian
motion process. The gold price was assumed to be non-reverting. In formulating the model, the major
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assumptions employed were:
• The price of gold will always remain positive.
• The price of gold moves along a random path.
The gold price model was calibrated with a start date of January 2004 and subsequently simulated
to provide several price paths in Figure 5.10 using the Matlab tool.
Figure 5.10: This graph stretches from 1990 to 2028. The years 1990 to 2004 represent the historical
gold prices, whereas the years 2004 to 2028 were the simulated prices. This was modelled as a
geometric Brownian motion. The random movement of the gold price mimics the theory of Brownian
motion.
The simulated gold prices in Figure 5.10 were then discounted using the risk discount factor to
produce the risk-adjusted gold prices. Figure 5.11 presents the annualised mean prices of gold. The
annual mean of the gold prices demonstrates a random walk, with some years recording a normal
distribution.
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5.6.2 Cash flow
The annual cash flows for the mine are estimated and distributed in Figure 5.12. From the mine data,
the saleable gold produced is expressed as a product of the forward prices to determine the cash flow
of the project. This cash flow has been discounted by risk at its main source of uncertainty, that is,
the commodity price. The project records a steady growth in its cash flows over the life of mine with
a sudden reduction observed in the later years of the project.
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The final value of the project is presented in Figure 5.13. The real option value of the project at
no flexibility is estimated as $528 million with a 0% probability of the project returning a negative
value. The value at risk exposure of the project for its life of mine at 5% is estimated to be $338
million. Also, there is a 62% probability that the project will return a higher value than the $493
million initially reported in the DCF valuation method.
Figure 5.13: This figure represents the final output of the case study. The value of the project was
determined using the real options theory, Monte Carlo simulations and statistical distribution analysis.
In addition, a value at risk analysis of the project was conducted to determine the exposure of the
project to market risks. The mean value of the project is $528m with a value at risk exposure at $339
million.
5.7 Comparing results from DCF, ROA and actual data from
2004 to 2015
This section compares the valuation results of Adinkra Mine using both the DCF and ROA methods
to actual market and mine data from the years 2004 to 2015 statistically. Of particular interest are
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Figure 5.14: This figure plots the gold price obtained from the DCF and ROA and compares both to
the actual data of gold price recorded between 2004 and 2015. An error-bar for both analyses is then
plotted against the actual price recorded to visualise the deviation of the prices for each year.
the gold price and cash flows generated using the ROA and DCF methods. Figures 5.14 and 5.15
visualise these outputs and their deviations. I used the root mean square error method shown in Table
5.2 to estimate the deviation of the DCF and ROA results from the actual data recorded.
Table 5.2: The table presents the root mean square error results for both the real options and DCF
valuations for the gold price and cash flows against their actual data between 2004 and 2015. The
standard deviation of the annualised gold price over the decade was $427.09 and that of the cash flow
was $310.73
Variable DCF/Actual RO/Actual
Gold Price 690.24 441.16
Cash Flow 533.85 255.67
The deviation from the actual data (green curve) is plotted as an error for all instances in the case
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Figure 5.15: This figure plots the annual cash flows obtained from the DCF and ROA and compares
both to the actual cash flow of the Adinkra Mine recorded between the years 2005 and 2014 obtained
from their reported figures. An error-bar for both the DCF and the ROA is then plotted against the
actual cash flow to visualise the deviation of the cash flow for each year.
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of the real options and DCF as well. They represent the bars recorded in the graphs. I note that the
correlation between the ROA results and the actual data for both graphs starts increasing significantly
from 2010. This is best explained by the events of the global financial crisis. As part of my future
recommendations, I suggest further studies on the reason for this jump as a result of economic external
crises. This results highlights the inefficiency of models following the geometric Brownian motion to
accurately incorporate external jumps in the modelling process.
5.8 Incorporating flexibility in Adinkra’s valuation
SRO follows Cotter et al. (2003), to categorize real options flexibility into four groups with practical
examples outlined in Table 5.3:
• Expansion
• Contraction
• Abandonment
• Operating options
Table 5.3: Types of real options flexibility and practical examples
Type of option Examples
Expansion Asset acquisition; brownfield exploration; pit cutback
Contraction Fleet downsize; labour downsize; selective mining
Abandonment Sale at salvage; project decommission; care and maintenance
Operating options New processing plant; new technology; alternative energy source
The major uncertainty considered in the valuation of Adinkra was the commodity price. Man-
agement is considering an expansion project. The expansion project was divided into two phases. In
the first phase, management will invest $25 million for the expansion of the existing processing plant
and another $15 million for the second phase in three years time, pending the outcome of the nearby
brownfield exploration results. With the DCF approach, this will be an invest or not invest decision.
In the application of ROA, the second phase investment was considered a right and not an obligation.
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This is a call option. This scenario makes use of two types of the options described in Table 5.3. The
option to expand and also to alter operating options. The value of the expansion option increases the
project value to $655 million as shown in Table 5.16.
Figure 5.16: The value of the expansion option is shown in this figure.
In this case study, I demonstrated that there is value in waiting for new information to proceed on
an expansion project. The market, through the commodity prices, favoured the project. This potential
will not have been discovered should the DCF be used in the valuation of this project. The additional
information generated using ROA highlights one of its strength over the DCF.
5.9 An in-country valuation of Adinkra Mine using SRO
This section addresses the challenges mining companies face in integrating commodity price and local
country uncertainties into a single model for valuation and investment decision making. SRO was
applied to estimate the value of mining projects under country-specific scenarios, that is, Tanzania,
Ghana and South Africa relative to their exposure to each country’s uncertainties. SRO enhances the
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strategic planning and investment decision-making processes of mining companies by establishing a
critical value of investment for the outlined countries under price and local project uncertainties.
SRO estimates the value of risk and uncertainty by quantifying the probability of each risk and
uncertainty criterion as a product of its expected probability of occurrence. Using the loss distribution
analysis, the cash flow at risk due to in-country uncertainty is estimated. The aggregate value of the
country risk and uncertainty is incorporated in the valuation model of the project.
Based on the models developed, the mean value of Adinkra’s potential project in each country
is estimated and the cash flow at risk (CFaR) due to country risks and country uncertainties are es-
timated. The results show that the country with the highest project value for Adinkra’s project is
Tanzania, with a 5% probability of losing $55 million through country uncertainties and risks. Ghana
follows next with a $298 million mean project value with a 5% probability of losing $60 million of
the project value through country risks and uncertainty. South Africa has the highest country risk
probability of $62 million and returned the least project value. The results are illustrated in Figures
5.17, 5.18, 5.19
The section focused on integrating the financial and country uncertainties faced by mining projects
into a valuation model. This enabled a critical value for investment to be determined for the three
countries for the Adinkra project assuming project characteristics were similar in all the countries. In
addition to this, the potential environmental risk exposure of each portfolio is singled out to determine
its economic impact on project cash flows.
5.10 Merits of ROA over DCF
1. Risk. The mining industry is characterised by high volatility and uncertainties. Higher market
volatility has been recorded in recent years; this has presented new challenges in how min-
eral investment decisions are made. The expression of risk in a risk matrix table that mining
companies traditionally use to determine their sensitivity to externalities is outmoded because
it is completely subjective and deterministic. Considerable regulatory efforts have focused on
the quality and standards of the resource and reserve classifications (Bullock, 2011) with less
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Figure 5.17: The Tanzania project returned a mean value of $336m with a 5% probability of losing
$55m to country risks and uncertainties.
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Figure 5.18: The Ghana project returned a mean value of $298m with a 5% probability of losing
$60m to country risks and uncertainties.
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Figure 5.19: The South Africa project returned a mean value of $267m with a 5% probability of
losing $62m to environmental risks and uncertainties.
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focus on an elaborate regulatory guideline on the economic analysis of projects that reflects the
present challenges of the industry. In Figure 5.5, for example, the DCF uses a single price fore-
cast at a growth rate of 2% to estimate the price of gold for the 25-year life of mine as compared
to the price simulations run in Figure 5.10, which seek to replicate the behaviour of gold prices
in the markets. SRO makes use of three out of the five risk analysis features recommended by
the AusIMM Guidelines for Technical Economic Evaluation of Minerals Industry Projects in
White and Dunlop (2012), that is, Monte Carlo simulation, option analysis and value at risk
in addition to distributions, as opposed to the DCF method which relied solely on sensitivity
analysis. With statistical methods such Kriging and conditional simulation serving as industry
standards in mineral resource valuation, it is imperative that techniques such as ROA be insti-
tuted in economic valuations to reflect the current economic challenges the minerals industry
faces.
2. Uncertainty. In the economic valuation of mineral projects, the markets have proven that the
only certainty is that nothing reported is certain. This places an onerous responsibility on the
evaluator or analyst to adequately account for both foreseeable risks and unforeseen uncertain-
ties. Knight (1921) in his seminal work, Risk, Uncertainty and Profit, suggests that uncertainty
occurs when the future outcomes of an investment decision are unknown and hence cannot be
quantified. This is often the case in highly networked systems such as mineral investments,
where occurrences such as geopolitics, social licence and natural disaster can collectively or
individually impede future outcomes of the project. Yet Knight (1921) opines that real oppor-
tunities for profit only exist in the face of real uncertainty. In other words, the only guaranteed
way to increase a project’s value is the pursuance of uncertainty. In the DCF valuation of
Adinkra, future risk was accounted for by introducing a 7.46% discount rate in Table 5.1 with
no consideration for uncertainty; the same applies to the 2% annual growth rate assumed for the
gold price. On the other hand, to account for the uncertainties associated with the gold price,
SRO (Figure 5.10) assumes the geometric Brownian motion for the price path to replicate the
randomness of the gold price. When ROA was considered, even under the no-flexibility con-
dition imposed on the first case study, the mean value of the project increased by 7% with a
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potential for a subsequent increase should flexibilities be incorporated. This affirms that project
value is locked in spreadsheets when projects are evaluated with certainty using DCF.
3. Corporate strategy. The ROA technique always assume a “now or later” approach to valuation
as opposed to the “now or never” decision strategy observed in the DCF method (Niemann,
1999). Using the DCF, an investor or mine manager is limited by what can be done in the
present regarding whether to proceed with a project or not, whereas with ROA the decision
is hinged on which optionality provides the optimal value. SRO provides additional insights
and data; revealing a host of opportunities for mine managers to improve value. Figure 5.1,
for example, provides a blueprint for options to be exercised in order to improve the value
of Adinkra for shareholders. The output distributions presented using SRO offers corporate
management a privileged insight into how they can position their assets to optimise value: when
to make capital investment, when to expand operations through geological activities and when
to diversify operations. This strategic analysis is often absent where the DCF is employed. In
the case of a multi-national corporation, with a host of project options to choose from,SRO can
help in strategically allocating the firm’s capital and resources to maximise shareholder value
and most importantly limit exposure to corporate risk. In essence, SRO offers insights into how
corporate strategy can be improved.
5.11 Chapter summary
This chapter:
• applied the SRO valuation to a gold mine project Adinkra which was initially evaluated using
the DCF approach. Using the ROA method, additional value was generated for the project.
• compared the results from the DCF method and the ROA method using SRO. The analysis
revealed a higher correlation for the ROA results when compared with the actual data recorded
by Adinkra between 2004 and 2015.
• presented the additional information mining companies can generate by using ROA in their
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valuation process.
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Chapter 6
Reasons why ROA is under-utilised in the
mining industry: Empirical evidence
Without change there is no innovation, creativity, or incentive for improvement. Those who initiate
change will have a better opportunity to manage the change that is inevitable.
William Pollard
6.1 Introduction
This chapter:
• discusses results from the qualitative study which sought to identify reasons for the slow take-up
of ROA in the mineral industry.
• identifies communication, education, innovation, software and trust as the major themes hin-
dering the practical application of ROA in the mineral industry.
• enriches existing literature on the subject of ROA adoption by engaging key industry personnel
on the subject.
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6.2 Demographics of participants
To identify the reasons for the slow take-up of ROA in the mineral industry, I purposely engaged 14
leading industry experts based on three important criteria:
• the individual’s exposure to real options.
• the individual’s association with the mineral industry, directly or indirectly.
• the individual’s experience in attempting to implement ROA in a mining company.
This section discusses the educational background, age group, type of industry, role and current
position of the participants. The need to add this section became imperative due to the results from
the interviews. The results which will be discussed in the subsequent sections will be linked to the
demographics to establish or disestablish a connection.
6.2.1 Age group
Out of the 14 participants, 64% were above age 50 as shown in Figure 6.1. This outcome occurs
because the target group of the studies was senior managers with experience in advanced valuation
techniques. It also indicates that the industry’s managers are ageing. Lack of management support
sufficed as a reason for the slow take-up of ROA in the mineral industry. Since application of ROA in
the mineral industry is a relatively new venture, the current crop of managers don’t seem to have full
control over its formulation and deployment. Most managers demonstrate a willingness to engage
with the method but show little trust in the results because, in most cases, they don’t understand the
intricacies that go into these models.
6.2.2 Highest level of education
The highest level of education also identified a vital feature of the respondents. From Figure 6.2,
it can be seen that almost 80% of the participants had pursued a postgraduate degree in finance,
economics or business administration. Through further interrogation, it became evident that most
of the participants had encountered the ROA through their graduate school studies or continuous
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Figure 6.1: The age group of participants for the interview.
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Figure 6.2: The highest level of education of participants for the interview.
professional development. At first instance, the educational level of the participants seemed to conflict
with the dominant point that lack of education was a contributing factor in the slow take-up of ROA.
However, further probing revealed that weaker curricula at the various universities was the main
challenge (this will be discussed in detail under the Themes section).
6.2.3 Position
The majority of participants interviewed were in the group of CEO, COO and MD as seen in Figure
6.3. In most companies, they sit at the helm of affairs in terms of investment decision-making, hence,
the choice. In companies where this group were unable to participate in the interview process, the
principal actor in investment decision-making was delegated to participate. The hierarchy of the
participants engaged, enabled the thesis to uncover very broad-based factors that hinder the take-up
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of ROA in the mineral industry and at the same time drill down to the details that prevent the uptake.
The mix of board members, group executives and principals ensured a realistic mix of responsibilities
that cut across the decision-making process of various mining companies. This mix grounded the
findings of the research to reflect the reality industry faces in adopting ROA as a mainstream valuation
technique.
Figure 6.3: The position of participants for the interview.
6.2.4 Current role
The current role of the participants also enabled me to gain further insights into the results. Although
not initially planned, I ended up interviewing two participants who had technical roles with group-
level oversight, as part of the data collection process. These two participants joined the interview
process on the recommendation of their superior as a result of their initial experience in attempting to
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incorporate ROA into their company’s valuation decision-making process. Their contributions were
highly valuable and they provided a step-by-step account of the challenges they faced during the
implementation process. In addition to these insights, the challenges shared by the respondents in
management roles, who represented 86% of the total participants as shown in Figure 6.4, also enabled
me to develop the major themes that I will discuss later in the chapter.
Figure 6.4: The current role of participants for the interview.
6.2.5 Industry type
I wanted to engage three main industry types: mining, investment and consulting. Although I worked
towards an equitable representation, I ended up with a skewed representation of participants from the
mining industry, as seen in Figure 6.5. This skewness, however, did not affect the quality of the output.
The participants from a mining background in some instances have had working experiences as either
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a consultant or investment professional. Their past experiences also informed the research into how
previous industry exposure can help influence one’s adoption of ROA as a valuation technique in the
mineral industry.
Figure 6.5: The industry type of participants for the interview.
6.3 Reasons for the slow take-up of ROA
Overall, as shown in Figure 6.7, participants shared 20 reasons hindering the take-up of ROA as a
valuation technique. These reasons were further grouped into five main themes, as shown in Figure
6.6, to simplify the analysis process. These themes are:
• trust
• education
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• communication
• software
• innovation
Figure 6.6 illustrates the frequency of mention of the themes by participants, from trust, which
is the most mentioned, to innovation in the mineral industry, which was seen as the least important
theme in the process of adopting ROA in the mineral industry.
Figure 6.6: The major themes identified as the reasons for the slow take-up of ROA in the mineral
industry.
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Figure 6.7: The reasons given for the slow take-up of ROA in the mineral industry.
6.4 Trust
The common reason identified in this research, which contributes to the slow take-up of ROA was
trust in the method and the results. According to the participants, the two main reasons they don’t
trust ROA are:
• the choice of a simpler method
• the lack of transparency.
6.4.1 Choice of a simpler method
“In our kind of operations the simpler methodology seem to be DCF, NPV, IRR.” (Participant 9)
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DCF is simple to apply, it presents a single number, which is the value of a project expressed in
today’s value. The simplicity of the DCF method makes it the preferred project valuation technique
for many mining companies. Having the choice of another method which is simple to implement has
contributed to the perception or reality that ROA is a complex method. Trust is a two-way process;
trust in the input models and trust in the output results. With the input models, almost all respondents
agreed that the consultants engaged to implement ROA always use black-box models that are difficult
to comprehend. This gives the consultants control over subsequently updating and running the models
for future scenarios, increasing the cost of ROA implementation. Since the models are not widely
known, understood and shared among the end-users, this creates an atmosphere of distrust where
mining managers and field operators are disengaged with the ROA application process. Another
challenge was the trust in the results. According to a respondent, “if you cannot understand and
defend the results, then don’t use it” (Participant 6). This quote summarises the apathy exhibited by
most mining practitioners. The lack of experts in the field contributes to fewer people understanding
the process and the results; this deprives the potential users of the ability to fully understand what
ROA entails. Simply presenting results to senior managers or field operators to use in subsequent
investment pitches or mine planning further dampens trust in the results. Using the “not-simple-
method” denies inexperienced users the ability to defend their results. Realistically, no one can predict
the future; hence, the mining industry shies away from a method which seeks to build confidence in
precision instead of focusing on accuracy. Whereas in DCF a line-by-line check with a calculator can
be used to verify the accuracy of the process, with ROA it is quite difficult for the average user to input
a variable within a degree of confidence and having it flow through to the final valuation; some kind
of expertise is needed to evaluate the options, and that level of complexity discourages end-users.
Management seems to struggle with valuing project uncertainties because of the input require-
ment. Presently, the mathematics surrounding ROA is a far more complex methodology than the
standard DCF. This complexity discourages management teams from complicating their understand-
ing further; hence, they will do only what is necessary per the regulations to estimate the value of
their investment decision. If a simpler method can serve the purpose, they will use it. In the words of
participant 11:
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“We have tried to engage ROA but sometimes, somehow we have managed to survive without it.”
Principally, there is a long history of using conventional present value calculations with the cash
flow model, where all input items in each time period are visible to the user and are manipulated
by the user in a simple, way and flow back through a single industry-accepted discounted rate to a
single number. One advantage of the DCF method is that it can be developed in an Excel spreadsheet.
As a merit, ROA enables managers to strategically optimise assets by pursuing embedded options
based on uncertainties; one respondent opined that, “Intuitively, I could have seen that option in the
spreadsheet anyway, so I would have made the same decision without having to spend the money on
ROA, so why should I spend money on a new method?” Also, the mechanics of how ROA works is
still something of a mystery to practitioners who are conditioned to the DCF in spreadsheets with all
the input variables available for manipulation and time period. Suddenly, a new method is introduced,
promoting statistical inputs and modelling of variables such as metal prices, or grade, which is not
easy to manipulate. Most practitioners consider this new method difficult, they cannot be bothered
with it. Instead of a one-step process in investment decision-making, the valuation process becomes
a three-step process which is more confusing and hence slows their activities.
6.4.2 The lack of transparency
“DCF is easier to audit and you can smell if it is roughly right.” (Participant 5)
Most practitioners are comfortable with the inputs they give to DCF and they are also comfortable
with the outputs that it gives them. The results are also easily validated. In the words of a respondent:
“What I want out of a model is one that anyone can audit, that is, if 10 people are involved in the
decision-making, they should all be able to review it from top-to-bottom because probably each of
the 10 people will find an error in the assumptions. With ROA, running and auditing the models and
the output results are often the prerogative of the consultants involved while the other 10 other
people sit around and wait for the results to come out and say, ‘okay, based on the results supplied I
will make my decision’. This is where the trust issues come-in” (Participant 5)
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Under such a circumstance, a company that pursues ROA will have only a few people who know
what they are doing, and after the answer pops-up, everyone simply agrees to it because of a lack of
transparency. This eliminates all the in-built layers of cross-checks and audit that the DCF affords
through its transparency in an Excel spreadsheet. The advantage of calculating the NPV is that its
accuracy can be verified by going through the spreadsheet with a calculator, line-by-line. This cross-
check guarantees there no calculation errors.
The inability of practitioners to visualise the process contributes to the lack of transparency in
applying ROA. Whereas in applying the DCF method users are able to track the whole process in
spreadsheets, ROA does not offer the ease in terms of visibility to track, update and refine the process.
This lack of visibility makes it difficult to trace and track the ROA method. Most managers do not
trust ROA because they do not understand the process; to build trust, it has to be tactile and visible
for the managers to witness the decision-making process.
Not every person will understand the mathematical arguments underlying ROA; however, almost
every practitioner will be interested in the results generated. One respondent’s company engaged an
ROA expert to evaluate a project which they had initially valued using the DCF. The ROA valua-
tion returned a project value significantly higher than the DCF. A further review revealed incorrect
assumptions on the part of the ROA consultant. Most respondents conceded that the mathematics
was out of their scope and hence they would not bother much about its transparency; however, they
expected verifiable results that can be reconciled with existing methods and practices.
6.5 Education
“It is almost an educational problem.” (Participant 8)
Education featured strongly among the themes identified as the reason for the low take-up of ROA in
the mineral industry. ROA is not a cheap adventure in terms of people’s time; informing, convincing
and educating them is still quite difficult and expensive. Education in this context relates to training
individuals to occupy technical roles. Generally, participants identified these two major reasons for
the shortfall in ROA application:
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• curricular
• lack of expertise.
6.5.1 Curricular
“I did DCF stuff in my undergraduate degree, I did not see any stuff on ROA.” (Participant 7)
Most university curricula teach students to build cash flow models with revenues, costs and taxes,
and when the final value is above the bottom line then the project gets a tick; however, the field
of practice differs significantly, particularly in the area of project finance. Participant 2 opined that
“there is no bearing between what is taught in classrooms during project valuation and the reality of
business decision making. Except if you are going to buy a truck, where there is significant certainty
on revenues and costs”. According to a respondent:
“Most boards enforce management to go through the rigorous process of actually doing the
estimation and coming up with a number, synonymous to the DCF, however in M&A, when
companies are trying to put a valuation on a project the overall value of the project gets more
attention and at that point in time, relying solely on the DCF method can be truly distorting which is
why investors such as banks will often consider the comparable markets transaction as a much better
valuation process”. (Participant 6)
Another challenge with the current curricula is undergraduate students’ lack of exposure to ROA in
their university training. Almost all the respondents encountered ROA after they came out of the
University into their working environments. This gap in training hampers the adoption of the method
by the designated professionals since most of the respondent only encountered ROA later on in the
professional careers.
“I guess one of the main areas is the lack of knowledge. I wish that most of the universities in mining
start including an ROA course, at least the basic ones, at the end of the final year or during honours
so the new generation of students or engineers come to the industry with a basic knowledge on
uncertainty.” (Participant 8)
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This recommendation could be achieved by including a brief component of ROA in mining, geo-
logical and mineral economics courses at the foundation level of university education. In addition to
the courses, Participant 7 recommended that “students should be encouraged to use it for their projects
so that they can market benefits and justify its use when they enter the industry”. These initiatives
will educate practitioners on the full range of methods for modelling the value of projects under un-
certainty and will also equip emerging professionals with the skills, knowledge and they tools they
need to address the changing phases of the mineral industry.
In spite of the general consensus that seems to have been established in this thesis on the including
ROA in the educational curriculum as a panacea to the method’s slow take-up, Participant 2 suggested
that, “it is only from experience that professionals can gain experience” and not from going to school
and reading about ROA: “No one goes to school to know what ROA means, frankly you do not even
know it exists” (Participant 6). Education as a stand-alone will not solve the problem of low take-up
of ROA, but complementing the education with field experiences will certainly enhance uptake. This
practical experience is imperative to increase and sustain the growth of interest in applying ROA to
mineral projects. It is only through this approach that companies will see the tangible results and
additional value-information that ROA adds to their valuation processes.
6.5.2 Lack of expertise
“We attempted ROA sometime ago, the valuation expert did not understand the intricacies of using
ROA, resulting in errors.” (Participant 9)
Another challenge that has resulted in the methodology’s poor reception is the present lack of au-
thority and expertise on the subject. A respondent, who once engaged a consultant to value a project
using ROA and found errors in the feedback, reported that “if the geologist and mineral economist
consultants are struggling to use ROA accurately, then it underscores how financial analysts with no
mining background will struggle” (Participant 9). Generally, most practitioners understand the value
of options, uncertainties and volatility, but ROA has been a difficult method to deploy due to the lack
of experts who can make a big impression in various mining companies. One respondent suggests that
“without that leading authority from experts, it is going to be hard for anyone to make an impression
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in a large company like ours” (Participant 4). There are a few experts in the area of ROA, but most of
them tend to be external to the companies, serving as consultants; few of these experts are engaged
with the daily affairs of mining companies. The industry sees these experts as external to the industry;
hence, it sees ROA as a “consultants’ method”, not a complement to their methods currently in daily
use. Because of this perception ROA is considered only when companies encounter major challenges,
then they call in the external experts. Until a major challenge arises, ROA is not seen as a day-to-day
method to optimise the value of projects.
“To implement ROA, my company will need a PhD holder trained on the subject or an expert trained
in the black-box.” (Participant 5)
Most management teams are comfortable with the traditional methods of valuation, such as DCF,
because they understand the process; therefore, they can add suggestions or change the whole project
based on their personal experiences, understanding and convictions. This understanding encourages
management to challenge, change or confirm the company’s investment decision. With ROA, it is
quite difficult for the average manager to input a variable within a degree of confidence and have it
flow through to the final valuation. Some kind of expertise is needed to manipulate whatever option
that has been used get to the outcome, and that level of complexity scares management away.
6.6 Communication
“Knowing who to communicate the methodology and the results to in a company is an important step
in addressing the challenge of ROA adoption in the mineral industry.” (Participant 13)
Communication of the method and the results came out as two distinct reasons hampering the adop-
tion of ROA in the mineral industry. Communication of ROA has become imperative because of the
growing perception that it is complex and lacks transparency. A respondent shared a practical experi-
ence of the difference between communicating the methodology and the results with this scenario:
“It will take you ages to explain the mechanics of how the decision was made in your gold mining
valuation case study to my company CEO, it will probably take you forever. He is just not going to
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sit through it nor spend the time and effort to get through it to actually get a feel of whether he trusts
the answer or not, it is not going to happen. At the general manager level however you probably
could, he could put time and energy and if the general manager says I have looked at the option of
expanding the processing plant and it is worth our investment based on the ROA then the CEO will
likely say okay, but at the top management level it is too expensive, in terms of time, to understand
what is going on, that is part of the problem.” (Participant 6)
From this communication scenario, the CEO will be more interested in the results of the ROA,
whereas the general manager will be concerned with the assumptions that go into the methodology.
Throughout the study two major sub-themes were identified as the barriers in communication in ap-
plying ROA to the mineral industry:
• communication of results
• communication of method.
6.6.1 Communication of results
“Communication of the results is very important, coming up with a simple output even though the
tool behind is complex can make a positive impact on its adoption.” (Participant 8)
ROA is perceived to be complicated and there is not a great deal of understanding among manage-
ment, particularly about how the method deals with uncertainties and management flexibility. When
compared to DCF; DCF is easier than the ROA method. Technically, DCF produces a single number,
which is the value of a project expressed in present value. On the other hand, to understand the re-
sults from an ROA, management should have a fair idea about the riskiness of assets and the markets.
This added layer of understanding confuses managers about the application of ROA to their project
valuation process. In addressing the challenge of reporting the results to management, “white board
explanation” is paramount as well as how the outcomes are communicated. This study revealed that
senior managers are more interested in the results than in the communication of the suitability of
the method. From a consultant’s perspective, management should worry less about the complexity
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of the method and worry more about how they can apply the additional information generated and
the results to their investment decision-making because the consultants are employed to break the
complexity down to simple and relevant outputs. This preference is because ROA is quite complex,
however they may then use it as a tool but most of the senior managers will not be able to understand
fully how the results were arrived at. Educating senior managers from the executive level about the
basic definitions and application of ROA and its impact on their assets will go a long way to enhance
how they receive results communicated to them.
“So it comes back to presenting the outcomes that gets enough interest.” (Participant 13)
Generally, how successfully results are communicated is mainly attributed to the outputs of ROA
and how the outputs integrate with the company’s resource, reserve and financial valuation, which
will determine the interest from senior management. Also, the ability to validate the results boosts
the practitioners’ confidence in the method. In instances where the results cannot be validated or
reconciled with other methods, companies tend not to trust the results being communicated.
6.6.2 Communication of method
“I do not think our planning team is at the technical maturity to handle the ambiguity in the
application of ROA.” (Participant 8)
Most respondents agreed that the apathy exhibited by mining practitioners in adopting ROA in
their investment decision-making is greatly a communication issue and the perceived complexity
affiliated with the method is at the heart of it. This complexity does not allow financial analysts
to understand the principles of ROA to be able to use it in the same manner as they do with DCF.
Also, managers do not have a great deal of understanding about how to deal with uncertainties in
the investment decision-making. For example, a company experimenting with the application of
ROA tools in its valuation realised that using programming packages such as Matlab made it difficult
to communicate the fundamental principles of the model compared to the ease in explaining how
information flows through a financial model in Excel when applying the DCF method (Participant 5).
Another participant also shared their company’s experiment of communicating the method this way:
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“A few years ago I joined a company and became very interested in the project valuation process. To
understand the multiple impacts of external factors on the project valuation process, we developed a
new valuation tool. The main thrust of the tool we developed was to prove that there is more factors
to consider during the valuation of projects similar to the objective of your thesis. We considered
grade, geometallurgy, period of project, scale, water usage, carbon dioxide, land usage, and impact
on communities. The output of the valuation was reported in a pictorial diagram. In spite of all these
factors considered, the NPV was the overreaching factor that drove investment decision. So in using
this tool, what the company was interested in is, if we are considering these options operationally,
what will our subsequent options be? Or say if we introduced this technology and altered our scale
of operation, how will that impact the multiple factors outlined earlier or our initial decision? Do
you think I could find anyone interested in using it? There was no appetite for it, it was just too
complicated”. (Participant 2)
6.7 Software
“One main limitation of ROA application is that there is no proper commercial software to do the
analysis.” (Participant 8)
Currently, there is no proper tool to conduct ROA, and it is very complex to combine all the analysis
using traditional software. This sort of analysis affects the quality of the output in ROA since there has
to be significant compromise to achieve an output. It is difficult to build a system that integrates all
options available to a mine to fully exploit the potentials of ROA. The study identified two main areas
that explain the absence of software packages hampers the adoption of ROA in the mineral industry.
These are:
• absence of end-user products
• cost of end-user tools.
6.7.1 Absence of end-user products
“Someone has got to come up with a software that makes ROA work.” (Participant 3)
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According to the respondents, practitioners with less exposure to advanced valuations shy away from
ROA because of the lack of user-friendly tools, such as spreadsheet add-on or Excel functionality to
actually apply the method to their data. This gap creates an opportunity for the DCF, since it is easy
to deploy in Excel in estimating project value. Until such tools are developed in the application of
ROA, where a superintendent on a mine site or a strategic planner in a company can actually pull out
a procedure document and use it themselves it is not going to be easy to implement in the industry. In
addition, the amount of skill involved in building a financial model from Excel is less costly in terms
of skills and resources than packages required for ROA. Respondents shared that a small investment
in short-course programs in economics or finance for non-finance people is all that is required for non-
experts to grasp the development of financial models using the DCF method. As a word of caution,
some respondents shared the opinion that the quest to develop user-friendly ROA tools should not
lead to oversimplifying the underlying theories and assumptions.
It is rare for end-users to be familiar with the algorithms and computer codes used in develop-
ing most of the software packages available for mining operations, yet these programs are in high-
demand. Often, this high-demand is a product of user-friendly systems that offer simple, trusted and
reliable products where non-experts can simply press a button and get an output they can trust in
making professional decisions.
6.7.2 Cost of end-user tools
Building ROA software is expensive: companies have to engage the services of experts whether
they are internal or external. In essence, it costs significant amounts of money and time to do the
development and deployment these ROA packages. In the area of adoption, the problem is partly the
cost of a tool or software; irrespective of the benefit, when it does not necessarily match the cost then
it is not a worthy investment. However, the big mining houses mostly have the internal capacity to do
the development and the resources to engage external experts as well. Generally, it is a cost-benefit
trade-off which favours the bigger mining companies. According to a respondent, “the process is not
cheap till it becomes cheaper” (Participant 1), then smaller companies who form the majority can
consider adopting the ROA method.
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6.8 Innovation
“Our business is still very rudimentary and we are still trying to educate the executives in
innovation.” (Participant 8)
At the core of the challenge of adopting ROA are the general perception and practices of the mineral
industry and its abhorrence of innovation. Respondents identified these two main sub-themes as the
reasons why the mining industry has not innovated well enough to adopt the ROA as a complementary
method the traditional DCF approach:
• apathy
• risk aversion.
6.8.1 Apathy
“I guess it is a very slow evolving industry.” (Participant 12)
According to one respondent, “the mining industry has been pretty slow at taking up new (1970’s!)
valuation technologies, although they seem happy to talk to people about matters.” (Participant 6)
First, In the mining industry, when people are given the opportunity to be innovative or the op-
portunity to stay consistent, people are more likely to choose the latter than the former. The apathy
towards innovation is greatly associated with the conservative nature of the industry. It is difficult for
such an industry to innovate in its valuation process. Miners want certainty in their decision-making
that is why they stay within the confines of the known.
Secondly, resource extraction is a tailor-made process. It is rare to come across one mine similar
to another, unlike other sectors. Every process or innovation has to be tailored for that particular soil
or operations. This invariably makes it difficult for software companies to produce fit-all purpose
software for mining companies. At best, the software has to be tailor-made or customised. Mining
companies will always request a specific functionality built exclusively for their operations. It is
difficult to come across a critical mass of companies working towards the same goal, even within
different projects under one company. In optimising pits, for example, every mine requires a tailored
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solution, which will not work for other mines. This varied interest and these varied goals slow down
the pace of innovation in the mining industry.
Finally, the industry seems dominated by a few big players, underpinned by a myriad of con-
sultancies; if the consultancies do not think big, then the big mining players will not take-up new
technologies: they tend to avoid developing them.
6.8.2 Risk aversion
“In terms of adoption to new technology, the mining industry is not a risk taking one.” (Participant 7)
At a conference on management I participated in, a presenter shared his insights on autonomous
tracks. After the presentation, an attendant wanted to know when their company could get the tech-
nology. The presenter responded, “You could have had them since 1996”. The technology had been
in existence for two decades, but it took the last two years of high cost of operation and volatile com-
modity prices for the industry to notice the innovation and technology around them. In this case, to
identify the opportunities that autonomous tracking technology can offer the industry. The mining
industry is slow at innovating compared to technological firms. One respondent was of the opinion
that:
“We do not implement ROA nor use it, because as an industry, we are afraid. It is kind of scary topic
because ROA changes every single scene that we used to work with in mining valuations. Mining
used to be a deterministic process in the past, when our prices were more stable, less volatile and
our grades were high, we were on the surface so it was easy to mine, I do not mean easy literally but
compared with today, where prices are more volatile , where grades are now lower, much lower and
they are deeper, and investors are more stringent.” (Participant 7)
Some practitioners in the industry suggest they are already considering option valuation in an
intuitive way based upon their financial and technical experiences to determine the value of their
projects. Although their approach is not backed with any input data or models, such practitioners seem
happy with this intuitive approach to dealing with option valuation; according to one respondent, “they
are in control” (Participant 5). This non-scientific approach creates a false sense of ROA application
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in the mineral industry preventing the industry from adopting innovative approaches to investment
decision making.
6.9 Chapter summary
This chapter:
• identified trust, education, communication, software and innovation as the main themes affect-
ing the uptake of ROA in the mineral industry.
• further identified the choice of simpler method, the lack of transparency of ROA, unavailability
of expertise, poor communication of method and results, absence and high cost of end-user
tools and the risk adverse nature of the mineral industry as the main reasons resulting in the
poor take-up of ROA.
• contributed extensively to existing literature on the subject ROA adoption in the mineral indus-
try.
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Chapter 7
Framework to improve the take-up of ROA
in the mineral industry
Innovation is taking two things that already exist and putting them together in a new way.
Tom Freston
7.1 Introduction
This chapter:
• constructs an innovation framework based on the works of Everett Rogers in Diffusion of Inno-
vations (2003) and Eliyahu Goldratt and Jeff Cox in The Goal (2004).
• addresses the challenges associated with the bottlenecks in the application of ROA.
• discusses practical ways of making ROA more compatible with and less complex for mineral
operations.
7.2 Framework
In the previous chapter, with the help of 14 industry experts, I identified the reasons why ROA is
not adopted in the mining industry. This section builds a framework that will encourage the mineral
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industry to adopt ROA. The framework is built on the initial theories of management developed by
Rogers (2003) and Goldratt and Cox (2004) in their respective books, Diffusion of Innovations (2003)
and The Goal (2004). For a company to consider implementing ROA through the SRO tool I devel-
oped, I identified six factors that must be considered and deliberated on. I used my two case studies,
that is, my field work with the Adinkra Mine and qualitative interviews with industry experts to align
my experiences with the framework. I then draw conclusions on the most appropriate approach to im-
proving the take-up of ROA in the mineral industry. The framework, illustrated in Figure 7.1, dwells
on the following factors:
• bottleneck
• idea
• persuasion
• decision
• implementation
• evaluation
7.2.1 Bottleneck
Identifying the company’s current bottlenecks is the first step towards innovation. Situations are
often the biggest incentive for innovation. At Adinkra, I identified that valuation of their asset under
uncertainty was the main challenge. Identifying challenges enables the company to properly list
what help they require and also develop benchmarks to track outputs and goals. To gain further
insight into the challenge, I engaged with the senior management of the company to identify their
big-picture solution of the problem. Another engagement session was arranged on-site to gain first-
hand insight into the company’s bottleneck of evaluating mineral projects under uncertainty. On site,
I brainstormed with various departments and personnel to sharpen the challenge, suggest a goal to
work towards and develop the working plan.
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Figure 7.1: Framework to improve the take-up of ROA in the mineral industry.
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In essence, identifying the bottleneck enabled all parties involved in the project to see the big
picture and also follow through the process towards the solution. Adopting such an approach to
applying ROA eases the barrier of communication and trust.
7.2.2 Idea
With the problem clearly defined, the next stage was to develop the idea of how the problems would be
solved. Working with Adinkra, I now introduced the concept of ROA as the innovative idea to solve
the identified bottleneck. I had worked on ROA for a few years, so my knowledge and capability
helped convince the personnel, both on site and at the offices about the value of considering ROA.
To promote the idea within the company, I was given the opportunity to present on the merits and
demerits of ROA to various departments within the company. These presentations allowed all of
the parties involved in the project to have a productive dialogue on the applicability of ROA to their
operations.
Promoting the idea, its functions and merits enabled the company to share in my knowledge and
expertise on the subject of ROA. This approach also standardised our language since we all agreed
on the definition of ROA. This approach also focused on educating the potential end-users right from
inception.
7.2.3 Persuasion
After I had shared the potential benefits of ROA to the company, the next step was to persuade the
decision-makers to consider applying it. In spite of the fact that the personnel at Adinkra communi-
cated to me a general consensus on the merits of ROA, there still existed pockets of resistance and
scepticism among some field-based managers. To persuade these managers, I had to further discuss
the innovative idea of ROA and link it to practical impacts on their operations. Collectively, we looked
at some performance data from their operations and ran a comparative analysis with the results ROA
can offer. Based on this comparison, some of the managers softened their resistance and decided to
give the method a cautious trial.
Using data and comparative analysis as the focal point of persuasion helped bring the merits of
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ROA into focus. This enabled the managers to relate to the method better than by simply explaining
the idea, as had been previously done. Using their operational data also helped most of the managers
to assess the impact of the method and at the same time assess the impact of ignoring the method.
7.2.4 Decision
With most of the managers and personnel convinced about the merits and added-value that ROA
offers, the next step was to make a decision about whether to proceed with the innovation or not. The
decision-making involved several strata of administrative procedures. This involved:
• Does the tool in question align with the company’s business plans?
• What are the legal implications?
• Have issues with data sharing being addressed?
• Have all ethical issues being considered?
Going through all these check boxes enabled the decision to be refined to ensure that the product and
method in question would be of optimal value to the company. Adinkra’s decision-making process
was an extended one since the tool required company data that was not in the public domain. After
all the required assessments had been fulfilled, the company decided to go ahead with applying ROA
to the Adinkra Mine using the SRO tool.
This consultative approach to decision-making ensured that no party was left in the dark during the
implementation process. The legal team, administrators, accountants and projects teams all assessed
the impact that introducing the new methodology would have on their activities. This approach made
the subsequent implementation process very smooth and transparent.
7.2.5 Implementation
Having decided to proceed with the innovation, the next phase was implementing ROA at the mine
using SRO to evaluate the project value under market uncertainties. The model was developed on the
mine-site and the results later shared with the corporate team. Often, people in charge of promoting
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innovation skip the prior steps and go straight to the implementation. In some instances, going straight
to implementation works, but for a method such as ROA that is perceived as complex and cumber-
some and is often met with scepticism, preceding the implementation with the phases described will
likely guarantee a positive result. At Adinkra, having described in detail the merits of ROA, assessed
the impact of the added information to most of the departments and collectively mapped out the
implementation plan, the process of deploying SRO was a simple, efficient and effective one.
Implementing innovation as part of a process is likely to yield results of acceptance within most
companies, as evidenced in the Adinkra case study.
7.2.6 Evaluation
The evaluation process allows the company to track the progress of the innovation, assess its use-
fulness and review their initial decision. During the valuation process at Adinkra, the difficulty with
which personnel could independently apply ROA was one challenge that sufficed. Also, the team
suggested linking the ROA method to their operational options, so it could be used beyond valuation.
The evaluation process enabled the next set of bottlenecks to be identified and subsequent actions
taken to ensure the smooth implementation of ROA at the Adinkra Mine.
Using this cyclic framework presented many merits to the company. It ensured that implementing
innovation was seen as a responsibility of all personnel in the company and not simply the preserve
of the external consultants. This framework also enabled problems to be easily identified and action
taken procedurally to solve them.
7.3 Adopting ROA
There will not be an overnight turning point where companies decide to implement the ROA method
in the mineral industry. However, there will be a gradual growth in the demand for ROA-type analyses
that will evolve over time as people become more comfortable with the process. Currently, this thesis
has highlighted the fact that companies do think about options in their valuation, but they think about
the cost of the options rather than the value of the options. This line of thinking hampers the value that
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can be realised by implementing ROA. This section discusses, in practical terms, ways to encourage
the adoption of ROA in the mineral industry.
7.3.1 Externalities
To encourage the natural adoption of ROA, it must be seen as a better method for conducting valua-
tions than the conventional DCF. DCF does not estimate the true value of the project, particularly a
project that lasts more than 5 years. It simply distorts decision-making substantially by using a single
discount rate across all input items; it gives no true estimate of risk in a project and often leads to a
wrong decision being made. Companies rely on the experience of the management group to evaluate
projects. In the process, management consider the numbers and the project characteristics in order to
make the final decision. This holistic approach to valuation is why companies have boards of directors
made up of experienced people. In practice, companies do not just look at an excellent NPV during
valuation. The board will most likely reject such a project. Even with a positive a NPV, experienced
professionals are likely to question management on the risk, opportunities and what could go wrong
and even consider the body language mostly directed at the management. In project management,
what could actually go wrong is much more important in the decision-making process than a single
number presented as the NPV. In practice, the NPV gets the least attention in the internal decision-
making process. The demand for investment decision-making to incorporate external factors creates
an opportunity to apply ROA, since it does not discount the external risks with a single risk premium
but integrates the risk at its source.
7.3.2 Organisational structure
Organisationally, encouraging the adoption of ROA should not be the sole responsibility of the finance
department, nor the equity holder, nor the operations department. Implementing ROA must sit at the
general operating manager level. The usefulness of ROA on an asset will have more impact at the
operations level. ROA can help mining companies to understand how to value their project’s potential
or otherwise. The DCF method offers little or no flexibility at the operational level of production.
Incorporating flexibilities can improve the fortunes of the mine.
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In essence, the best person to implement ROA is the operating general manager, who actually
makes real optional decisions. With the general manager convinced, convincing the CEO to using
ROA in decision-making becomes easier. The mechanics of doing operational activities resides with
the general managers, business development or operations, and if they are able to understand ROA,
that will be a tipping point. In the long-term, they will represent the next wave of corporate manage-
ment.
In addition to the operational general manager, the technical specialists should also have exposure
to ROA so that technical staff such as the resource geologists and mine planners will be able to
understand the complexity of the concept. The strategic mine planners could also use ROA to describe
the value of their assets because once the plans get into a spreadsheet, it becomes a business decision.
When the engineers adopt ROA it becomes easier for others to follow because engineers generally
have to explain how pit optimisation works, how complex plants work, how their mines work or why
they get a value out of stripping early. They should be able to explain why they get a value out of an
valuation and what informed the method; once the decision-making is contained in a spreadsheet, it
makes it easier to monitor and account for.
7.3.3 End-user tools
A single button might not solve the entire problem. People do not have to accept the theory to
appreciate the results but an integrated end-user tool will be enough for people to start implementing
ROA.
Generally, companies do not need all the details behind software to be convinced of its capabilities.
In the mining industry there is very little knowledge on the intricacies of much of the mining planning
and geological software that is in the field, yet they are widely used. Once a reputable company uses
it then it becomes the industry standard or widely accepted. If everyone uses it, why not us? When
another company successfully implements it then it eliminates the fear.
Although the managers do not need to know the intricacies of the underlying theory they have to
understand the results in order to apply it.
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7.3.4 Project financiers
In my experience, banks will not touch ROA. Most banks have limited knowledge about DCF let
alone ROA. To most banks, valuation is all about payback period not options. Frankly, few in the
finance industry consider ROA as an valuation tool in spite of their exposure to complex derivatives.
Most banks are only interested in the NPV calculation, which is further simplified into payment ratio
or payback period. In the end, financing becomes a simple process; an investor finances a project
whiles expecting the company to return more money than initially invested. The process is mostly
independent of the project value or embedded options. To the banks, the main priority is to get their
money back. A similar trend also exists for equity investors. Financial institutions have a different
view of what value means to a mining project. A loan matures at say five years, so the financial
institutions are in for the short term, they are not in for the 20 years life of the asset. The bank’s point
of focus is on its five years exposure to the company and how much cash flow they can generate to
repay the loan. The same applies for those providing equities including IPO’s.
There is also a complete disconnect between what the financiers want and what mining companies
want. Banks apply their own internal discount rate to a project, which is their own perception of risk.
Banks have a lower value for risk because their repayments are often prioritised. This prevents them
from focusing on the long-term goals.
Adopting ROA in the mineral industry will not happen overnight. Practitioners will not abandon
the DCF, so ROA will only be adjunct to NPV calculation in the short to medium term. For now it
is impossible to run a real option model without first running the project’s NPV, the same inputs are
needed, so it is mechanically easy to do, partly because accountants have to calculate taxation which
makes it necessary to run the DCF anyway. Complementing DCF with ROA will go a long way to
encourage its take-up.
7.3.5 Function
One highlight of this thesis is the ability of ROA to be used in the areas of strategy and risk manage-
ment, aside from the estimation of project value:
Risk: In finance, derivatives such as option pricing were invented to manage and hedge against risk.
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ROA can be used as a methodology assessing and estimating the risk profile of a project. Using ROA
in understanding the risk and uncertainty of projects will encourage its adoption. Through ROA the
sensitivity of the resource or the reserve to the gold price or the sensitivity of the resource or the
reserve to any of the project’s modifying factors, can be determined stochastically. Additional infor-
mation has value and real options can help understand the project variables from a risk perspective.
Strategy: The future is unpredictable, however using historical data, models and strategy, companies
can determine the uncertainties that could affect their project. ROA can help companies prepare for
these uncertainties. DCF does not do that.
7.3.6 Understanding ROA
Misconception exist about what ROA is and what it is not. Individuals encounter options every day
in real-life. The ultimate objective of every decision is to maximise the output. There is a difference
between understanding ROA qualitatively and quantitatively. Through this research, I discovered that
some practitioners substitute decision-making based on intuition for option analysis.
ROA is a predominantly quantitative method in evaluating projects that incorporates uncertainties
and management flexibility into investment decision making. Explaining the concepts of the method
to the understanding of practitioners will help eliminate this misconception and encourage companies
to open up to new ways of understanding the value of their assets.
7.3.7 Knowledge
One of the main areas causing the lag in ROA adoption is the lack of knowledge. Most universities
in mining should start including ROA courses at least at the basic level so that the new generation of
students or engineers comes to the industry with that knowledge.
Another approach will be encouraging research students to conduct feasibility studies on the suit-
ability of ROA as an valuation method in the mineral industry. This approach will improve students
practical understanding of how the method relates to the industry and also expose the company to the
method.
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7.3.8 Regulatory enforcement
Also, the regulatory bodies in charge of policing the various valuation standards for resources, such
as the JORC and NI 43-101, should encourage the inclusion of analytical methods such as ROA to
complement existing traditional techniques.
Presently, in spite of the benefits that ROA presents, companies are reluctant to adopt it. However,
if it is enforced as part of the minimal requirement for the mandatory risk analysis during project
valuation, the industry will gravitate towards it. This enforcement will call for more qualified persons
in the area, which at this moment will not be an easy task due to the inadequate experts in the field.
7.3.9 Implementation
A bottom-up strategy for implementing ROA in the mineral industry will be useful. In the mining
industry, the job of the board is to either approve or disapprove an investment decision. The board
does not design investment scenarios or investment models. Rarely will a board have to look at 25
different scenarios in deciding on a project: they are only briefed on them. The people who actually
build the models and scenarios are the professionals 10 or 15 years out of school at the mid-managerial
level. They have enough seniority and experience to look at all possibilities and decide which ones to
pursue. It is their decision that goes to the board. Hence, for ROA to make a meaningful impact the
bottom-up approach must be enforced, with support and interest from top management and the board.
7.3.10 Demand from shareholders
Shareholders need to demand excellence from their project managers. Shareholders should be inter-
ested in basic questions such as: What happens to our business if there is a 5% increase in labour
price? or What happens to our business if there is a gold price drop of more than 10% or 20%?
Such questions will prompt project managers to think outside the current box. At the moment, the
traditional techniques do not have an efficient nor an effective way of modelling the answers to these
questions. Such interest from shareholders will improve the adoption of ROA.
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7.3.11 Demonstrate value of RO
Current ROA experts are having a difficult time getting mining companies to pick up the method
because the ROA experts have not demonstrated the value of the method to the companies. It is not
enough to have a method that promises the best features and functionalities. To reveal the true value,
people should be made to see the value they stand to lose by forgoing the method. Gap-analysis
provides a suitable framework to estimate this value. When people realise how much is at stake, it
helps them appreciate the technologies and methods available in solving some persistent problems.
7.3.12 Partnership
Partnerships should be encouraged with companies whose existing software has a huge user-base.
Most planning software in the mining industry uses DCF in its application to work out an investment
value. Integrating with this existing software will boost the credibility of the method and help elimi-
nate the perceptions of complexity and trust with respect to ROA. If the established mine planning and
scheduling packages could incorporate functionality to aid in the stochastic decision-making under
uncertainty, this will significantly boost the adoption of ROA in the mining industry.
7.3.13 Link to operational capability
Management support is not adequate for the adoption of ROA in the mineral industry. The method
must relate to the operational capabilities of the project to generate value. Simplifying and contextu-
alising the approach will ease adoption. Technical practitioners need to be more open-minded. The
inadequacy of the traditional techniques has contributed to many companies struggling financially
during the recent down-turn because these techniques are reactive in nature, that is, they only react
to the impact of the externalities resulting in poor management decisions. ROA is proactive. Linking
the capabilities of ROA to the grade estimation, mine plans and metallurgical recoveries will make it
easier for mine managers to relate to the value of the method and hence champion its implementation.
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7.4 Chapter summary
This chapter:
• developed a novel innovation framework for the mining industry to encourage the take-up of
ROA. The framework was modelled after the works of Everett Rogers and Eliyahu Goldratt
with Jeff Cox. The framework posited that understanding the bottlenecks, promoting an idea,
persuading companies to make a decision, implementing the idea and subsequently evaluating
the success or otherwise of the idea (ROA) can boost its implementation in the mineral industry.
• presented the main bottlenecks companies perceive to be the reasons they avoid the ROA
method.
• identified factors that can improve the adoption of ROA in the mineral industry. These factors
include: encouraging partnerships, shareholders demanding more rigorous risk management
methods, reviewing the organisational structure to suit the ROA method and developing com-
putationally simple ROA end-user tools.
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Chapter 8
Conclusion and outlook of thesis
A mathematical theory is not to be considered complete until you have made it so clear that you can
explain it to the first man whom you meet on the street.
David Hilbert
8.1 Introduction
This chapter:
• discusses and presents the overall conclusion of the thesis
• discusses the limitations of the method and opportunities for further research
• presents my personal reflection on conducting this research and how it has impacted my thought
process.
8.2 Overall conclusion
In the introduction, the thesis highlights the enormous contribution of ROA in advancing the sub-
ject of mineral project valuations. Through preliminary literature studies, I identified that the DCF
method fails to adequately address the challenges associated with risks and uncertainties in the min-
eral industry. Meanwhile ROA, a valuation technique in existence the last three decades, incorporates
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uncertainties in the valuation of mineral projects and also introduces flexibility in the process to min-
imise the risk. In-spite of the complement the ROA method offers to the DCF method, there is still
a slow up-take in the mineral industry. Block (2007) recorded that only 14.3% of companies in the
United States of America sampled out of the Fortune 1000 used real options in capital budgeting. A
similar study in Canada by Baker and Dutta (2011) revealed a figure of 16.8% whereas in Australia
out of a sample of 87 companies listed on the ASX, only 9% considered ROA important (Truong
et al., 2008). The disconnect between its benefits and slow adoption in the mineral industry motivated
this thesis.
The slow adoption of ROA in the mineral industry has been investigated by several researchers
(Copeland and Antikarov, 2001). The outcomes of these previous studies have had minimal impact
on the industry because these researchers adopted an approach that focused solely on the quantitative
shortcomings of ROA. However this thesis focused on complementing the quantitative shortcomings
of ROA with an exhaustive qualitative study.
To investigate this slow take-up, I first developed a novel system approach to ROA based on prac-
tical assumptions. Secondly, I applied this system approach to a real mine case study to identify
the value-added information generated by the ROA method compared with the DCF method. Fi-
nally, based on the case study output, I engaged industry experts as part of the study to identify the
qualitative reasons for the relatively low uptake of ROA in the mining industry.
In developing the novel system approach to applying ROA, I focused on building a framework
that incorporates realistic modelling of project uncertainties, careful modelling of the value of min-
eral assets and development of a user-friendly end-user tool that simplifies the process. The system
real options (SRO) tool was developed using Matlab to estimate the economic value of projects using
ROA. SRO reduces the complexity in ROA application and integrates the method with Monte Carlo
simulation and statistical distributions to enable mineral projects under uncertainty to be realistically
evaluated and optimised. SRO complemented the weakness of the DCF method. It identified the ma-
jor source of uncertainty as the gold price and discounted this uncertainty right at its source. Coupled
with simulations, the risk-adjusted gold prices for the entire life of mine were estimated. The risk-
adjusted annual cash flows of the project were also presented in a distribution with their annualised
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means recorded. This simplified reporting feature makes it easy for decision-makers to visually ob-
serve the annual growth of the mine regarding cash flow and hence to make strategic decisions over
the life of mine. In addition to the project value, the value at risk exposure of the project was also
estimated as a risk assessment tool for the valuation.
To identify the additional information that ROA generates in comparison with the DCF method
in mineral project valuation, I used SRO to re-evaluate a gold mining project, Adinkra Mine, initially
valued using the DCF method in 2004. The initial DCF method valued the project at $493 million;
however, SRO recorded a $528 million mean project value with a 62% probability of the project
returning a higher value than the DCF value. In addition, the value of the option to expand the mines
capacity was analysed using the SRO tool to guide the company in its strategic decision-making.
Subsequently, the companys country expansion program was assessed using SRO to determine the
value of each project under different in-country scenarios. The results of the DCF and ROA were
statistically compared with the actual market and project data from 2004 to 2015. The results indicated
a higher correlation between the actual market and project data recorded between 2004 and 2015 and
the results recorded using the ROA method.
Based on the additional information generated from the application of ROA, 14 industry experts
were purposively sampled and interviewed to identify the qualitative reasons for the slow adoption of
ROA in the mineral industry. The industry experts highlighted trust in the method, lack of education,
poor communication of results, absence of software packages and the industrys inability to adopt
innovation as the main hindrances affecting the practical implementation of real options in the mineral
industry. The feedback from the experts was used to construct a change framework based on the works
of Everett Rogers in Diffusion of Innovations (2003) and Eliyahu Goldratt and Jeff Cox in The Goal
(2004). This framework addressed the challenges associated with the bottlenecks in the application of
ROA. It also discussed practical ways of making ROA compatible with and less complex for mineral
operations. The framework further highlighted the necessity of management support, end-user tools
among others as the means of increasing the adoption of ROA.
The thesis highlights the enormous contribution of ROA in advancing the subject of project ap-
praisals. In addition, using the ROA approach enabled useful information to be generated that showed
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significant potential for improving the way mining companies manage risks and uncertainties as well
as strategically placing their assets to optimise value. It also proved that the DCF method fails to
adequately address the challenges associated with risks and uncertainties, hence its failure to protect
investors. Using SRO, the thesis proved that there is value in the application of ROA albeit its slow
take-up by industry.
However for the mining industry to adopt ROA in its appraisals, the challenges of trust in the
method, education, communication of method and results, lack of software applications and adoption
of innovations need to be addressed. To address these challenges, evaluators must consider external-
ities in their valuation processes. Companies must review their organisational structure and focus on
integrating ROA at their operational and specialist levels. External parties such as consultants should
focus on developing end-user tools to simplify the application. The binomial lattice method of ROA
should be encouraged in the industry since it offers more visibility and transparency. ROA should be
seen as a complement to existing traditional techniques that provides further insights in understanding
the risks of mineral assets.
8.3 Discussions
In this section, I discuss the results of the thesis by connecting the outcomes to the gaps identified in
the initial literature in Table 8.1. This approach helps align the outcomes of the thesis with existing
frameworks and also assesses the impact of the research in addressing existing challenges.
8.4 Critique of adopted approach
The thesis identified the reasons for the slow adoption of ROA in the mineral industry. It focused
on two case points, where a mine’s value, initially estimated using the DCF, was re-evaluated using
ROA. A comparative analysis was conducted to assess the merits and demerits of both methods. A
second case study was conducted where industry experts were engaged to identify the main reasons
contributing to the slow take-up of ROA. Overall, the thesis used the mixed approach in collecting
data, analysing feedback and discussing results.
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Table 8.1: Discussion on the initial gaps in existing research and the outcomes of this thesis
Gap References Outcomes of thesis
Sophisticated
maths
(Davis, 1996), (Haque
et al., 2014)
Chapter 4 focused on making ROA less mathemati-
cally intensive by adopting the simulation technique
with the help of Matlab to solve the pricing models.
Complex applica-
tion
(Guj and Chandra,
2012)
Chapter 4 simplified the process of ROA implemen-
tation by developing SRO, a simple ROA tool to eval-
uate mineral projects.
Theoretical
approach
(Guj, 2011), (Shafiee
and Abbate, 2012)
Chapter 5 focused on using a real mine case study to
test the concept of ROA. This application reduced the
reliance of research on theory-based case studies.
Oversimplified
assumptions
(Davis, 1998) In chapter 6, all the assumptions used in the mine
case study was generated in conjunction with the
mine’s site team. This cooperation ensured realistic
assumptions.
Poor estimation
of volatility
(Majd and Pindyck,
1987)
Chapter 3 extensively reviewed the estimation of
volatility of projects.
Focus on
academia
(Baker and Dutta,
2011)
Instead of identifying the solutions of ROA up-take
with academia, Chapter 6 engaged with industry ex-
perts to reduce the perception that ROA is an aca-
demic solution.
Scepticism (Block, 2007) Chapter 6 addressed the challenge of scepticism pop-
ularly referred to as “black-box” in the adoption of
ROA under the trust theme. Chapter 7 provided solu-
tions to reducing the scepticism of ROA in the mineral
industry.
Lack of manage-
ment support
(Cotter et al., 2003) Chapter 7 discussed in detail how a top-bottom ap-
proach support from management can improve the ac-
ceptance, adoption and implementation of ROA in the
mineral industry.
Considered too
risky
(Block, 2007) In Chapter 5 the results from the ROA and DCF were
statistically compared with actual data recorded be-
tween 2004 and 2015 using the root mean square. The
results showed that companies not considering ROA
rather risked having poor estimates on their value and
options.
In the literature review, the absence of research on the practical application of ROA hampered the
objective of the review. The intended aim of the literature review process was to critique and identify
gaps in existing research related to the challenges faced by companies during the practical imple-
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mentation of ROA in the mineral industry. However, through the literature review, it was revealed
that only a limited number of practical studies were available on the reasons for the slow take-up of
ROA in the mineral industry. A significant number of case studies conducted by earlier researchers
were hypothetical cases. Existing studies on the empirical study reasons for the slow take-up of ROA
(Baker and Dutta, 2011; Block, 2007; Truong et al., 2008) focused solely on surveys as the means of
data collection. This limited availability of literature on the subject hampered the scope of the review.
This limitation resulted in the adoption of a generalist approach to the literature review where a wider
scope of ROA application was considered. Instead of the literature review strictly focusing on the
reasons for the slow take-up of ROA, I had to consider a wider fit to include a review of existing
project valuation methods including ROA. Although, the expansion of the literature review’s focus
helped shape the perspective of the research; the availability of adequate research on the reasons for
the slow adoption of ROA in the mineral industry would have benefited the thesis output immensely.
In addition to these, I noticed the decline of research articles in the area of ROA application. Notable
papers recorded in journals during my candidature include: Haque et al., 2014; Turek and Sojda,
2014; Thompson and Barr, 2014; Dehghani et al., 2014; Ajak and Topal, 2015; Zhang et al., 2015;
Konstandatos, 2015; Haque et al., 2016; Inthavongsa et al., 2016; Zhang and Kleit, 2016; Batten et al.,
2017. The decline in journal publication over the last 5 years in the area of ROA also hampered the
literature review.
This thesis developed a novel approach in evaluating mineral investment projects using a devel-
oped tool, SRO. A gold mining project was re-evaluated using SRO to generate additional information
from the valuation process. The re-valuation of the project was then used as a basics in engaging in-
dustry experts on the reasons for the low take-up of ROA. The mixed approach discussed in Giddings
(2006) was used in the process of collecting and analysing the data. The prospects of a mixed method
towards research data collection and analysis was not extensively explored. This challenge was as a
result of the nature of the research question. The thesis did not adequately connect the quantitative part
(chapter 5) and the qualitative part (chapter 6) in answering the research question and objective. The
standard approach towards mixed research could not suffice in this thesis as a result of the complexity
with the project objective; addressing a qualitative question with empirically-driven quantitative data.
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The two case studies represent an insignificant proportion of the mineral industry. Considering a
single mine project out of the thousands of projects and also 14 industry personnel out of thousands
of workers in the industry can be saddled with skewed results and opinions. Although as a researcher
I employed various techniques to ensure the credibility, replicability, validity and reliability of the
data; it is difficult to extend the conclusion of the thesis as an industry-wide observation. Also, my
previous experiences in the industry and subsequent application of ROA, subconsciously create room
for bias in the data analysis and discussions. These challenges were well addressed in the thesis by
following ethical and standard procedures such as triangulation.
8.5 Limitations of research
Overall, the thesis has advanced existing knowledge in the area of ROA application. Through this
study, a novel ROA valuation tool, SRO, was developed. Thorough this thesis a comparative analysis
of ROA and DCF was conducted statistically to determine the additional information generated using
ROA. Finally, conducted a qualitative study to empirically identify the reasons for the slow take-up
of ROA. In-spite of these three novel outcomes of the research, the thesis still encountered some lim-
itations. Notable among these limitations are:
Data: The availability of data was the main challenge for this thesis. Acquiring primary data from
mining companies is a challenge. The process of formalising the process for the exchange of data
could average a period 4 to 6 months. During this period ethics assessments, confidentiality agree-
ments, data management plan and intellectual property agreements are formulated and approved.
Proceeding this is the data collection and sorting processes, which could involve several site travels.
Overall, these activities affect the available time to conduct further case studies given that the PhD
research is bounded by strict time limits. Although, the most appropriate number of mine project case
studies should have been at least more than one, the time constraint affected this ambition, leaving me
with a single mine’s project but different scenarios. The results and findings were then extrapolated
to enable me draw global conclusions with respect to the adoption of ROA.
Time: Time was a key variable when considering the interview of the industry experts to identify the
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reasons for the low take-up of ROA. It is a difficult task to get the attention of company’s principal
officers and management. Once again, the administrative hurdles as well as availability hampered the
initial ambition of drawing from the experiences of several industry leaders. Due to the limitation
of time, the thesis was only able to draw its findings from 14 experts, which is still significant due
to the high quality of the respondents’ expertise and experience. However a much higher number
would have drawn more teams with wider representation in areas of geography, management role and
commodities.
8.6 Opportunities for future research
The research addressed the challenges of ROA implementation in the mineral industry extensively.
It also identified the main reasons for the slow take-up of ROA in the mineral industry and offered
solutions in encouraging its adoption. In-spite of these strides, the findings of the research are non-
exhaustive, further research should be conducted in the following areas to complement the advance-
ment of ROA adoption in the mineral industry:
• A research into the possibility of a complete software package to evaluate mineral projects
using ROA.
• A wider scope of data which includes more companies from key geographical locations as well
as increased number of participants. A research with such broader perspective will further hone
the findings developed from this research.
8.7 Reflection
Having spent significant amount of time on this thesis over the last couple of years, I have gained
expertise and experiences in key areas I will share in my reflections:
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8.7.1 Ability to conduct independent research
Through this thesis, I have gained the skills in independently developing proposals, collecting data,
conducting market research and finally writing reports. Activities such as literature review, funding
proposals, data analysis and thesis writing have significantly improved my professional qualities in
using data to inform decisions. Critiquing work by other researchers has also improved my capability
in offering constructive criticism to other people’s work. I have also learned the value of bench-
marking outputs and valuation. These skills have enhanced my technical and professional capabilities
to think independently.
8.7.2 Professional capability
Aiming to complete my research within the university’s stipulated time-frame has helped me to effi-
ciently manage my time. The high standards and ethics upheld by the university has sharpened my
professional standards and ethics as well. The strict enforcement of references and crediting work of
others has improved my ability to observe the value in the work of others and spurring them on with
a word of credit.
Overall, the PhD experience has been a learning curve, which has significantly improved my
research, professional and personal capabilities.
8.8 Chapter summary
This chapter:
• concluded the finding of the research. The chapter presented the main reasons for the slow
take-up of ROA in the mineral industry.
• identified availability of data for research and time as the main constraints that limited the
findings of the research to an extent. However, through this chapter future researchers were
admonished to include more participants in future studies and also focus on developing software
packages with ROA functionalities.
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• discussed my personal reflection on the thesis journey.
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